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Abstract 

Deep brain stimulation (DBS) for Parkinson’s disease relies on accurate targeting 

of stimulation to provide the best therapeutic outcomes for patients. Current clinical 

practices typically rely on a brute force approach to finding the ideal stimulation 

electrode, and despite improvements to lead geometries such as the inclusion of rows of 

directional electrodes for precise targeting of stimulation, time constraints often prevent 

clinicians from making good use of these advancements. Additionally, although research 

has uncovered specific stimulation targets in common implant areas that are ideal for the 

treatment of specific symptoms or the avoidance of certain side effects, the clinical 

capacity for localizing a lead after implantation is not sufficient for confident declarations 

of implant location, and even the best imaging techniques can only be confirmed with 

post-mortem histology. Evoked compound action potentials (ECAPs) have been shown 

to vary by brain region, and to be linked to therapeutic outcomes, but a detailed 

investigation of their spatiotemporal properties has not yet been conducted.  

Through a series of experiments, in parkinsonian non-human primates 

instrumented with scaled-down clinical DBS leads, ECAP responses to changes in 

stimulation amplitudes, pulse widths, and electrode configurations were systematically 

investigated. Additionally, a novel DBS lead with a liquid crystal polymer (LCP) substrate 

and a high-density array of electrodes with a rough platinum-iridium site coating was 

evaluated for improved spatial resolution in ECAP and local field potential recordings in 

DBS targets. 

Project 1: One challenge with optimizing DBS therapy for a given patient is 

knowing where electrodes are located relative to the neural pathways around the DBS 

lead. We tested the hypothesis that ECAP features would differ between electrodes 

within gray matter (subthalamic nucleus, STN) and white matter (lenticular fasciculus, 

LF) for STN-DBS implants. ECAPs in these targets were characterized by short-latency 

‘primary’ features (within 1.6 ms of stimulus pulse onset) and longer-latency ‘secondary’ 

features (>1.6 ms after stimulus pulse onset). We observed that ECAP primary feature 

responses were significantly larger in amplitude for LF/LF stimulation/record sites than 

for STN/STN stimulation/record sites. Furthermore, the number of secondary features 

detected in the STN (for STN or LF stimulation) was higher than that in LF (for LF 

stimulation). This supports the concept that ECAP primary features derive from direct 

axonal activation and secondary features result from post-synaptic axonal activation in 
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the basal ganglia network. Primary feature amplitude was able to accurately predict 

electrode location at the border of the lenticular fasciculus and STN within and across all 

four subjects.  

Project 2: Another challenge with optimizing DBS therapy for Parkinson’s 

disease has been finding biomarkers that align with the seconds to minutes wash-in 

effects of DBS therapy on parkinsonian motor signs. ECAP features were found to adapt 

over the duration of the applied high-frequency DBS pulse train. Primary features 

habituated over time, while secondary features increased in latency over the first 30 

seconds of stimulation, and trended toward earlier latencies at higher stimulation 

amplitudes. The total increase in secondary feature latency over the 30 seconds 

following stimulation onset also increased with increasing stimulation amplitude. In 

comparison to the instantaneous changes in spectral local field potential (LFP) power 

observed during STN-DBS, the temporal wash-in dynamics of ECAP responses seem to 

better align with the temporal wash-in profiles of DBS therapy on parkinsonian motor 

signs, and future studies will need to further investigate correlations between ECAPs 

and motor signs.  

Project 3: With the advent of microfabricated technology come opportunities to 

create bidirectional DBS lead technology to sense and modulate neural activity with 

higher spatial resolution. To further investigate the spatial features of ECAPs in the basal 

ganglia, we designed, developed, and evaluated a novel high-density LCP substrate 

DBS array. The arrays provided improvements in electrode longevity over previous high-

density DBS arrays while also providing increased spatial resolution for both ECAP 

responses and LFP activity compared to state-of-the-art clinical electrodes.  
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1.1 Parkinson’s Disease 

1.1.1 Clinical definition and neuropathology of PD 

Parkinson’s disease is one of the most commonly occurring movement disorders, 

affecting roughly 1% of the population over 60 years old [1]. The primary 

neuropathological cause as it is currently understood is the build-up of misfolded α-

synuclein protein caused by environmental factors and highly-heritable gene mutations 

[2]. This build-up of misfolded proteins occurs throughout the Parkinsonian brain, but the 

main result is the death of neurons in the brainstem, thalamus, and dopaminergic cells in 

the substantia nigra, possibly via apoptosis [3], though no single mechanism has yet 

been confirmed. This loss of cells leads to neural circuit changes throughout the brain 

that cause motor and cognitive dysfunction and which are treatable through the 

consumption of dopamine replacement medication, such as levodopa. 

1.1.2 PD symptoms and clinical rating 

The most common symptoms of Parkinson’s disease are tremor, rigidity, 

bradykinesia, and impaired coordination, though cognitive functions including memory, 

attention, and executive function may also be impaired. Currently, Parkinson’s disease is 

diagnosed via medical history, a neurological and physical examination, and a review of 

a patient’s signs and symptoms [4].  

The rating of these signs and symptoms is most commonly performed using the 

Unified Parkinson’s Disease Rating Scale (UPDRS), which is broken into four parts: 

Intellectual function, mood, and behavior; Activities of daily living; Motor examination; 

and Motor complications. Each of these parts has subsections that are rated on a scale 

from 0 to 4, with 0 being a normal, healthy individual and 4 being a severe case. The 

total of all scores is then calculated to determine the overall severity of the disease [5]. 

1.1.3 Treatment of Parkinson’s disease 

The majority of cases are able to be treated using levodopa, which can improve 

most motor symptoms and several cognitive symptoms of the disease. Levodopa is a 

dopamine precursor that is capable of crossing the blood-brain barrier. Because the 

symptoms of Parkinson’s disease are caused by a loss of dopamine-producing cells in 

the substantia nigra, the addition of dopamine precursors allows a temporary recovery 
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from the disease state [6]. However, this treatment is imperfect, and balancing the drug’s 

cycles for the management of motor symptoms can become difficult as the disease 

progresses, with too little allowing too many untreated symptoms and too much resulting 

in levodopa-induced dyskinesias [6]. As a result, in later-stage and more severe cases of 

Parkinson’s disease, another therapy is sometimes required. 

1.2 Clinical outcomes with subthalamic deep brain 

stimulation 

Deep brain stimulation (DBS) is a neurosurgical therapy in which one or more 

leads of electrodes is implanted into the brain and connected via an extension cable to 

an implanted neurostimulator. By delivering high-frequency pulsatile stimulation (>100 

Hz, typically) to the subthalamic nucleus or globus pallidus, one can reduce parkinsonian 

motor signs, including bradykinesia, resting tremor, and rigidity [7]. Bradykinesia, or 

slowness of movement, is another common symptom of Parkinson’s disease. It is also 

associated with difficulty in initiating movements, and a reduction in automatic 

movements such as eye blinks [8]. DBS is highly effective for treatment of resting 

tremor, which occurs when the limbs are not in motion or are being held in a pose that 

does not cause significant postural control against gravity. Resting tremor is most 

common in the hands, particularly the thumb and forefinger, but can occur in any part of 

the body and usually starts asymmetrically, with only one side of the body affected. 

Tremors can range in severity from mild to severe, and can interfere with a wide variety 

of daily activities, including writing, holding objects, getting dressed, or any other task 

that requires fine motor ability [9]. DBS can also be effective on muscle rigidity, which is 

less common in the early stages of Parkinson’s disease but can be significant in more 

advanced stages. The rigidity manifests as stiffness in joints that is beyond what is 

typical as a result of aging or arthritis [10]. 

1.2.1 Efficacy of subthalamic DBS 

DBS therapy for the treatment of Parkinson’s disease is typically delivered 

through the implantation of a DBS lead in the basal ganglia, often in the subthalamic 

nucleus (STN). The STN was chosen as a target for DBS after early lesioning studies 

showed that its removal could reverse the symptoms of the disease in non-human 

primate models [11,12]. More than twenty years later, a review of randomized controlled 
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trials on the safety and efficacy of DBS for Parkinson’s disease found that not only is 

DBS an effective therapy for treating Parkinson’s disease, but it is also superior to other 

current best medical therapies at controlling motor impairment and disability, quality of 

life, and reducing medication, though its risk of adverse events was also significantly 

higher [13]. Another primary benefit of DBS is the consistency of its therapeutic effects. 

While levodopa treatment can result in fluctuations between over-medication and under-

medication states, especially in later-stage Parkinson’s disease, DBS provides a more 

constant therapy given that stimulation is always on. 

1.2.2 Side effects of DBS 

DBS is also not without its own risk of side effects, which can include motor, 

language, and cognitive effects. While motor side effects such as muscle contractions 

are easily avoidable in many cases (and are in fact used to set therapeutic stimulation 

amplitudes), other side effects can be harder to manage. These can include 

paresthesias (tingling sensations or numbness), dysarthria (speech problems), balance 

problems, lightheadedness, vision problems, and mood changes including impulsivity 

and depression [14–16]. 

1.3 Identifying implant location 

One of the major challenges in DBS therapy, especially with STN-DBS, is 

targeting of stimulation to affect neural pathways specific to the disease process while 

avoiding pathways that can elicit side effects when stimulated. Different brain regions 

respond differently to stimulation, and placing electrodes properly can be difficult. 

Implantation in the wrong location or improperly targeting stimulation can lead to lowered 

side effect thresholds and less effective therapy [17]. Implants for STN-DBS often span 

the entirety of the STN and include contacts dorsal to the STN, which have been shown 

to have benefits for reducing dyskinesias while stimulation within the STN on the same 

leads was shown to exacerbate these dyskinesias [18]. The advent of directional DBS 

leads has improved our ability to target stimulation, but the increase in numbers of 

electrodes has brought with it a substantial increase in the amount of time a clinician 

must spend programming the device – to the point that many clinicians only use 

directional stimulation as a method of last resort [19–21]. 
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1.3.1 Brain imaging 

The first method to consider in targeting DBS lead implants is an MRI brain scan 

[22]. MRI technology has improved greatly in recent years, and the use of 7T imaging 

allows an accurate definition of the STN [23], which can also be used to create atlases 

that map to lower resolution 3T MRIs [24]. Pre-operative imaging can allow better 

placement of the lead during implant than relying on a generic atlas, and post-operative 

imaging can be done to estimate the final lead location and to assess complications with 

the implant procedure. However, there is no consensus on which imaging method is the 

most efficient, and there is no standardized method across implant centers [25]. 

Additionally, post-operative MRI scanning carries risks with interactions between MRI 

fields and implanted lead wires as well as a loss of accuracy as the metal in the leads 

causes artifacts in the imaging that can be difficult to avoid, though some solutions have 

been proposed [26]. Finally, not all implant centers have access to good imaging 

technology, and running and maintaining a high-resolution MRI is expensive, preventing 

this from becoming a standard practice in the near future. 

1.3.2 Local field potentials in STN-DBS 

In STN-DBS research for Parkinson’s disease, one popular signal to record and 

study has been local field potentials (LFPs). LFPs are the summation of local cell 

membrane potentials, recorded as the electric potential in the extracellular space around 

neurons. Oscillations in these potentials, particularly in the beta band (roughly 15-35 

Hz), have long been linked to Parkinson’s disease [27], and have since been proposed 

as having a key role in motor functions in the cortico-basal ganglia circuit [28]. STN-DBS 

has been shown to greatly reduce beta oscillations in the STN during stimulation [29], 

and this suppression has been proposed as a mechanism for DBS therapy in 

Parkinson’s disease as well as a biomarker for closed-loop DBS therapies [30]. 

However, beta power is also known to decrease during movement, which detracts from 

its ability to be used as an accurate feedback signal, and suggests the need for another 

biomarker [31–33]. 

Beta band LFP power is not the only oscillation in the motor circuits related to 

motor control. Alpha band activity (roughly 5-15 Hz) has also been shown to play a role 

in the control of limb movements, and appears to play a different role than that of beta 

band activity. While beta band power has been shown to decrease with movement 
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preparation, alpha band power has been shown to increase immediately after a stop 

signal, leading to the inhibition of movement [34]. These oscillations have also been 

shown to be heterogeneous throughout the STN, both via high-density electrode 

recordings [35], and with sensorimotor regions having more beta power and associative 

regions having more alpha power [36]. 

1.3.3 Microelectrode recordings 

Another option for targeting commonly used in implantation is intraoperative 

microelectrode mapping prior to DBS lead implantation. Although brain atlases and 

electrode depth can help a clinician target the right area, the precise border of the STN 

and dorsal axon tracts like the internal capsule, lenticular fasciculus, hyperdirect 

pathway, and fields of Forel can be determined with intraoperative microelectrode 

recordings. This can be done using both mean oscillatory activity, and detection of an 

increase in the noise floor for signals recorded in the STN [37,38]. In fact, the results of 

high-density microelectrode recordings can be tied to therapeutic outcomes, with a 

classifier trained on six oscillatory types and interactions capable of predicting likely 

locations for good therapeutic outcomes [39]. 

1.3.4 Evoked Compound Action Potentials 

Another signal recorded in DBS experiments that has also been more recently 

proposed as a biomarker for closed-loop stimulation therapies is the evoked compound 

action potential (ECAP): neural responses recorded at the site of or distal to the site of 

stimulation. ECAPs have been studied and proposed for use in assessing the degree of 

membrane polarization in peripheral nerves [40], spinal cord [41–43], cochlea [44–47], 

retina [48,49], and deep brain regions [50,51]. Like LFPs, ECAPs have also been shown 

to have a connection with DBS therapeutic outcomes, though their link has been less 

well investigated [51]. 

Unlike LFPs, ECAPs are thought to arise as a result of axonal activation, and 

contain much higher frequency information than that observable in LFPs from 

commercial DBS leads, and have features occurring within milliseconds of stimulus 

onset and attenuating in amplitude over time [50,52]. ECAPs also have two feature 

types, primary and secondary. Primary features are very high frequency and higher 

amplitude than secondary features and have been shown to stem from the immediate, 

direct axonal activation in response to stimulation. Secondary features, on the other 
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hand, are thought to result from post-synaptic axonal activation, with the STN-GP 

network believed to be responsible for their presence during STN-DBS [50,52]. An 

example of an ECAP response can be seen in Figure 1-1. 

 

 

Figure 1-1 An example ECAP response from STN stimulation. The signal is split into 

primary and secondary features, with secondary features being further split into early 

and late features. 

The features of ECAP responses and their relationship with underlying 

neuroanatomical structures makes them a prime subject for investigation to provide an 

alternative method for implant localization, both during the implant procedure and in 

providing advanced knowledge for likely therapeutic electrodes to clinicians when 

performing monopolar reviews and programming patient stimulators. 

1.4 Statement of Thesis and Chapter Summaries 

As a potential biomarker for DBS therapy in Parkinson’s disease, it is vital to 

advance our understanding of the ECAP response to DBS within the basal ganglia. To 

date, the vast majority of studies on the DBS ECAP response have used bipolar 

recording configurations from annular DBS leads, leading to poor spatial resolution in the 

recording of DBS ECAPs. This thesis investigated the spatial and temporal 

heterogeneity of ECAP responses to stimulation parameters (current amplitude, pulse 

width, and electrode configuration) using higher density DBS leads including directional 
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DBS leads with rows of split-band electrodes (Chapters 2 and 3) and a novel high-

density DBS array (Chapter 4). 

 Chapter 2 describes a study investigating the different qualities of the ECAP 

response in the STN and surrounding fiber tracts, using the ECAP features to 

build a linear classifier to predict implant depth. 

 Chapter 3 describes a study investigating the temporal aspects of the ECAP 

response and their differences across stimulation and recording parameters 

including stimulation amplitude, and stimulation and recording electrode 

configurations. 

 Chapter 4 describes a study evaluating a novel high-density DBS lead 

technology using a liquid crystal polymer substrate to improve lead longevity 

during chronic implantation. In this study the spatial heterogeneity of ECAPs 

in the globus pallidus and putamen were also investigated. 
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Chapter 2: Classification of electrically-evoked 

compound action potentials in the parkinsonian 

subthalamic nucleus region 

Adapted from work submitted to Scientific Reports, “Classification of electrically-evoked 

compound action potentials in the parkinsonian subthalamic nucleus region” 

Joshua Rosing, Alex Doyle, AnneMarie Brinda, Madeline Blumenfeld, Emily Lecy, 
Chelsea Spencer, Joan Dao, Jordan Krieg, Kelton Wilmerding, Disa Sullivan, Sendréa 
Best, Biswaranjan Mohanty, Jing Wang, Luke A. Johnson, Jerrold L. Vitek, Matthew D. 
Johnson 
bioRxiv 2022.04.28.489769; doi: https://doi.org/10.1101/2022.04.28.489769  
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2.1 Chapter Overview 

Electrically evoked compound action potentials (ECAPs) generated in the 

subthalamic nucleus (STN) contain features that may be useful for titrating deep brain 

stimulation (DBS) therapy for Parkinson’s disease. Delivering a strong therapeutic effect 

with DBS therapies, however, relies on selectively targeting neural pathways to avoid 

inducing side effects. In this study, we investigated the spatiotemporal features of 

ECAPs in and around the STN across parameter sweeps of stimulation current 

amplitude, pulse width, and electrode configuration, and used a linear classifier of ECAP 

responses to predict electrode location. Four non-human primates were implanted 

unilaterally with either a directional (n=3) or non-directional (n=1) DBS lead targeting the 

sensorimotor STN. ECAP responses were characterized by primary features (within 1.6 

ms after a stimulus pulse) and secondary features (between 1.6-7.4 ms after a stimulus 

pulse). Using these ECAP features, a linear classifier was able to accurately differentiate 

electrodes within the STN versus dorsal to the STN in all four subjects. ECAP responses 

varied systematically with recording and stimulating electrode locations, which provides 

a subject-specific neuroanatomical basis for selecting electrode configurations in the 

treatment of Parkinson’s disease with DBS therapy. 

2.2 Introduction 

Electrical stimulation within the nervous system is well known to generate evoked 

compound action potentials (ECAPs) whose features occur within milliseconds of 

stimulus onset and attenuate in amplitude over time [50,52]. This physiological activity, 

which is often detected from one or more recording electrodes positioned near the 

stimulating electrode, reflects the spatial summation of induced membrane polarization 

adjacent to the recording electrode(s) [53–56]. ECAP features are thought to be 

indicative of both direct activation of axons (immediate, primary features) as well as 

synaptic and network-level modulation patterns (delayed, secondary features) [50,52].  

Such ECAP features have shown utility for assessing the degree of membrane 

polarization and thus target engagement with stimulation of the peripheral nerves [40], 

spinal cord [41–43], cochlea [44–47], retina [48,49], and deep brain regions [50,51]. 

ECAP features have also been integrated as feedback signals to adjust therapies 

dynamically, including cochlear implants to streamline behavioral fitting procedures [57] 
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and spinal cord stimulation to account for changes in the distance between the 

stimulating electrode(s) and the spinal cord during activities of daily living [42].  

Similarly, for DBS applications, knowing the spatial position and orientation of 

each electrode in the context of the targeted nucleus or fiber pathways can be helpful for 

fine-tuning stimulation settings [18]. Previous studies have shown that ECAP feature 

presence and prominence in the subthalamic nucleus (STN) is associated with 

therapeutic effectiveness in Parkinson’s disease [51,58]. However, the degree of spatial 

heterogeneity of ECAPs within and adjacent to the STN remains unclear. In this study, 

we investigated the spatiotemporal features of ECAPs in and around the STN in four 

non-human primates rendered parkinsonian with MPTP treatments and aligned those 

features to neuroanatomical borders around each DBS lead implant. 

2.3 Methods 

2.3.1 Preclinical subjects 

This study investigated ECAPs from STN-DBS leads in four aged female rhesus 

macaque monkeys (macaca mulatta; Subjects Ne, Az, So, and Bl; 14.75, 18.5, 19.5, and 

26 years old, respectively, at the time of the recordings). Procedures used in the study 

were approved by the University of Minnesota’s Institutional Animal Care and Use 

Committee and were performed following the United States Public Health Service policy 

for humane care and use of laboratory animals. All animals received environmental 

enrichment, free access to water, and a wide variety of foods, including fresh fruits and 

vegetables. All effort was made to provide animals with adequate care and prevent 

discomfort during the study. 

2.3.2 Surgical procedures 

Animals were imaged pre-operatively using a 7T or 10.5T human bore magnet 

with custom-designed head coils for non-human primates at the Center for Magnetic 

Resonance Research at the University of Minnesota. Similar to previous studies [59,60], 

DBS leads were implanted along an oblique mapping track that had the largest span of 

sensorimotor-responsive STN cell activity. The depth of the implant was designed to 

have electrodes within the sensorimotor STN and the region dorsal to the STN, 

containing the lenticular fasciculus [61] (Fig. 2-1).  
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Figure 2-1 DBS lead localization within the STN. (A) Directional and non-directional 

DBS leads used in this study. (B, C) High-field 7T or 10.5T MRI and CT co-registration 

were used to identify the position of each lead within the subthalamic nucleus with 

confirmation from post-mortem block-face histology. 

2.3.3 DBS implant procedures 

Subjects Ne and Az were implanted with a 6-channel directional DBS lead 

(Abbott Neuromodulation, 0.6 mm diameter), consisting of 2 rows and 3 columns of 

electrodes (0.75 mm height, 0.5 mm spacing between rows) with the top row clocked 60 

degrees from the bottom row. Subject So was implanted with a 12-channel directional 

DBS lead (Heraeus Medical Components, 0.8 mm diameter), consisting of 4 rows and 3 

columns of electrodes (0.5 mm height, 0.5 mm spacing) with no rotational offset. Subject 

Bl was implanted with a non-directional DBS lead (NuMed, 0.625 mm diameter) with 8 

electrodes (one band electrode per row, 0.5 mm height, and 0.5 mm spacing). DBS lead 

wires were routed to another chamber to interface with an external neurostimulator 

(IZ2MH) and recording (PZ5) system (Tucker-Davis Technologies). A CT scan was 

taken post-implant and co-registered to the pre-operative MRI to estimate placement of 

the DBS lead implant with respect to the STN (Fig. 2-1), and this was confirmed with 

post-mortem block-face histological imaging. Split-band electrode orientation for 

Subjects Ne, Az, and So was determined using a post-mortem bubble test whereby the 

explanted lead, still integrated with the chamber and cap, was submerged in 0.9% saline 

and stimulated through with 1-5 mA DC current over 1-5 s to generate an electrolysis 

reaction and small bubble at the stimulated electrode. Range in current and time needed 

for electrolysis reaction depended on the lead. This was used to verify electrode 

connector maps, check for electrical shorts, and identify each electrode’s orientation 
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relative to the STN. 

2.3.4 ECAP stimulation protocol  

In each subject, monopolar stimulus pulse trains (125 Hz) were delivered through 

a single electrode contact using biphasic pulse waveforms that alternated between 

cathodic or anodic first phase polarities. The first phase had a duration of 100 µs, and 

the second active recharge phase had a duration of 1 ms with a stimulus amplitude at 

10% of the first phase’s amplitude. Using these waveforms and pulse trains, the overall 

stimulus amplitude was increased until sustained side effects were observed on the 

contralateral side (e.g., muscle contractions, dyskinesias, etc.). Subsequent stimulation 

trials were then capped at 25 µA below the side effect threshold as determined for each 

electrode on the DBS lead, with the exception of subject So, in which one experiment 

was conducted with stimulation amplitudes exceeding dyskinesia side effect thresholds 

(but remaining below muscle contraction thresholds). During all stimulation trials, the 

subject was seated and alert while wide-band, monopolar ECAP recordings were 

collected from the other electrodes at a sampling rate of 48.8 kHz and in reference to 

cranial bone screws distributed over the parietal lobe. 

Current sweep experiments: To confirm the existence of ECAPs as neural 

responses as opposed to electrical artifacts, the current amplitude of the stimulus pulse 

train was varied randomly between no stimulation and 25 µA below the side effect 

threshold for each electrode and ECAP feature responses were compared to stimulation 

artifact for each amplitude. Current sweep data collection trials consisted of 5 seconds of 

stimulation followed by 5 seconds of no stimulation at each amplitude, with repeated 

measures of 5 trials per electrode. All current sweep data were collected in a 

parkinsonian condition. 

Strength-duration sweep experiments: To further confirm that the signals were of 

neural origin, strength-duration relationships were assessed through ECAP recordings 

by systematically varying the current amplitude and pulse width of the charge-balanced, 

biphasic waveform. The protocol consisted of stimulating at (1) seven current amplitudes 

(12.5%, 25%, 37.5%, 50%, 62.5%, 75% and 87.5% of side-effect threshold) in the 

parkinsonian condition, and (2) five pulse widths per stimulus amplitude ranging from 40 

to 160 µs for the first phase. Each trial consisted of 30 s of stimulation followed by 30 s 

without stimulation for each parameter combination. The presentation order of the 

parameters was randomized but kept consistent across electrodes and subjects (Az and 
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So).  

2.3.5 MPTP treatment and evaluation 

Each primate was given a series of systemic injections of the neurotoxin MPTP 

(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine). Following MPTP treatment, the 

parkinsonian motor sign severity was rated for each subject using a modified version of 

the Unified Parkinson’s Disease Rating Scale (mUPDRS), which consisted of 14 motor 

scores, quantified from 0 (no effect) to 3 (severe) [62]. The total motor score for each 

subject was used to determine the overall severity of parkinsonian motor signs, and 

these scores were measured at least five times. Averaged scores were 18.25/42 for 

Subject Ne (moderate), 8.47/42 for Subject Az (mild), 0/42 for Subject So 

(asymptomatic), and 10.4/27 for Subject Bl (moderate). 

2.3.6 ECAP processing 

Data collected during current sweep and strength-duration sweep experiments 

were processed to remove the stimulation artifacts and residual noise (Fig. 2-2). First, 

baseline subtraction was applied to each interstimulus ECAP segment (8 ms long) by 

subtracting the amplitude of the first data point (0.4 ms before the stimulus pulse) from 

all subsequent data points in the ECAP segment. Next, segments were sorted based on 

cathodic-anodic or anodic-cathodic stimulus waveforms to ensure that the sample sizes 

for both stimulus waveforms were identical. For the current sweep experiments, all 5 s of 

ECAP recordings were averaged together, and for the strength-duration sweep 

experiments, the last 20 s of the 30 s long ECAP recordings were averaged together 

[50]. Averaging significantly reduced the electrical artifact as shown in Fig. 2-2. The 

resulting data were then smoothed (4-sample moving average over the first 1.17 ms and 

16 sample moving average over the remaining portion of the segment). This two-part 

filtering approach avoided over-smoothing the primary features while still removing high 

frequency noise from the secondary features of the ECAP.  
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Figure 2-2 Signal processing of ECAPs within and adjacent to the STN. (A) An 

alternating sequence of cathodic-leading and anodic-leading waveforms was applied 

through one electrode while ECAP recordings were collected through all adjacent 

electrodes. (B) Raw ECAP data were grouped, averaged, filtered, and separated into 

primary, early secondary, and late secondary features. 

 

Some ECAP recordings, most notably in Subjects Az and So, contained a 0.8-1.0 

kHz noise source that was consistent in amplitude over the entire peri-stimulus time 

window. The peri-stimulus data (from 1.25-7.4 ms) was passed through an IIR filter with 

0.99 steepness, with the delayed filter onset designed to avoid generating artifacts in the 

primary features. The processed data before and after 1.25 ms were then stitched 

together with a weighted averaging of 9 samples about the stitch to avoid discontinuities 

in the data (sample 1 was 90% unfiltered sample value plus 10% filtered sample value, 

and sample 9 was 10% unfiltered sample value plus 90% filtered sample value).  
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Data with this 0.8-1.0 kHz noise source were marked for filtering objectively as 

follows. The maximum spectral power in two bands (<500 Hz and 700-1500 Hz) in each 

recording were calculated and used to define two conditions: (A) the maximum spectral 

power of the unfiltered <500 Hz band was sufficiently greater (determined by a manually 

set threshold for each subject) than the maximum spectral power for the unfiltered 700-

1500 Hz band, and (B) the maximum spectral power of the unfiltered <500 Hz band was 

less than the maximum spectral power of the filtered <500 Hz band. If condition A was 

false, or if both conditions were true, the recording was marked for filtering. 

2.3.7 Data analysis and classification 

ECAP feature windows were determined based on time segments containing 

similar ECAP responses within and across subjects. Primary features were the first 

negative and positive peaks to occur, typically within 0.6-1.6 ms of stimulus pulse onset. 

Secondary features were divided into early (1.6-3.8 ms) and late (3.8-7.4 ms) windows 

after a stimulus pulse. The separation between early and late windows was based on the 

transition between stimulus evoked neuronal spike inhibition and a return to a baseline 

spiking probability with peri-stimulus firing rates of STN neurons during STN-DBS (see 

[63]). For each ECAP window, the root mean square (RMS) of the data was calculated 

and then used as feature amplitudes for graphical comparisons, and as features in a 

linear discriminant analysis classifier. The rationale for feature windows as opposed to 

defining specific peaks and troughs was based on observations that ECAP features 

differed in manifestation and in their exact timing across recording configurations for 

each subject.  

A linear classifier (MATLAB) was used to predict stimulation and recording 

electrode site locations for two possible stimulation/record groups – STN/STN and LF/LF 

(lenticular fasciculus) – in all subjects. The classifier used all data points from those two 

groups as samples and training in a leave-one-out approach. Accuracy was calculated 

from the classification error, was averaged across trials, and compared against chance 

(50%) to determine effectiveness of the classifier. The classifier was also trained on all 

data from three subjects and tested using all data from a fourth subject. 

Differences in stimulation and recording site location (Figure 2-6) were 

compared individually using MATLAB’s multcompare function with the Scheffé test for 

multiple comparisons following a Kruskal-Wallis test (MATLAB’s kruskalwallis function). 
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2.4 Results 

2.4.1 Distributions and variability of ECAP features 

Within-subject comparison of ECAPs showed high variability of responses across 

all stimulation parameters (Fig. 2-3). Variance was highest during the period of known 

artifact, and second highest during the earlier portion of the primary feature window. The 

primary feature window’s variance formed a second prominence, suggesting a different 

source than that of the artifact’s variance. Variance declined rapidly during the primary 

feature window for most subjects, then steadily declined over the early and late 

secondary feature windows. Most subjects showed much lower variance during the 

secondary feature windows than during the primary feature window. 

 

 

Figure 2-3 Distributions of all ECAP recordings across subjects. (A) Pooled recordings 

across tested stimulation pulse widths (subjects Az and So only), amplitudes (all 

subjects), and electrode configurations (all subjects) for a single recording day. (B) 

Variance across pooled recordings across the ECAP window. Vertical black lines 

indicate edges of selected feature windows (primary: 0.6-1.6 ms, early secondary 1.6-

3.8 ms, late secondary 3.8-7.4 ms). 
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2.4.2 ECAP responses to varying stimulation amplitudes and pulse 

widths 

Current sweep and pulse width sweep experiments in each of four subjects 

showed that features of the ECAP response changed non-linearly to adjustments in 

stimulation parameters while the stimulation artifact increased linearly with increasing 

stimulation amplitude (Fig. 2-4). Features emerged gradually as stimulation amplitude 

was increased, with secondary features appearing only at stimulation amplitudes that 

were higher than those sufficient to evoke primary features. Primary and secondary 

features also generally increased in amplitude with increasing stimulation amplitude 

(Fig. 2-4). ECAP response features also followed classical strength duration curves 

across stimulation amplitudes and pulse widths (Fig. 2-5). 

 

 

Figure 2-4 ECAP responses to increasing stimulation amplitudes across all subjects (A-

D). (subpanel i) Lead diagrams for each subject with stimulation electrode marked with 

an S and recording site marked with an R. Example ECAP response to (subpanel ii) the 

highest stimulation amplitude tested in the MPTP-treated state and (subpanel iii) varying 

stimulation current amplitudes. RMS values across stimulation amplitudes from epochs 

containing the (subpanel iv) stimulation artifact and primary features and (subpanel part 

v) secondary features. 
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Figure 2-5 ECAP responses to varying pulse widths. (A) Lead configurations for each 

subject with the stimulating electrode marked with an S and the recording site marked 

with an R: 2B/2C for Subject Az and 2B/1B for Subject So. (B) Stimulation amplitudes 

tested across five pulse widths and eight current levels including the side effect 

threshold. (C) Stimulation amplitudes and pulse widths necessary to achieve the same 

primary or secondary feature RMS values within the ECAP response. 

2.4.3 Spatial Heterogeneity of ECAP Features 

Stimulation in the LF produced significantly higher (MATLAB multcompare with 

Scheffe test, p<=0.022) primary feature amplitudes than stimulation in the STN, and LF 

recording sites during LF stimulation had higher primary feature amplitudes than STN 

recording sites during LF stimulation (Fig. 2-6). Additionally, STN stimulation produced 

significantly more (MATLAB multcompare with Scheffe test, p<0.001) secondary 

features in subject So than LF stimulation, and STN recording sites also had significantly 

more detected secondary features than LF sites even during LF stimulation. Mean 

primary feature amplitudes across subjects were at least 60% lower when recording or 

stimulating in STN, and an average of 3 secondary features were seen when recording 
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or stimulating in STN compared to an average of 1.4 when stimulating and recording in 

LF (Fig. 2-6). 

The spatial ECAP response differences were readily visible and distinguished by 

a simple linear classifier (Fig. 2-7). This classifier, trained on all subjects, was capable of 

correctly determining the stimulation and recording sites as being either both in the STN 

or both in LF with 95.2% accuracy (measured using the leave-one-out method). 

Furthermore, when trained on all data from three subjects and tested using data solely 

from a fourth, the classifier was able to accurately determine the locations of the fourth 

subject’s electrodes with 75% (subject Az), 81.25% (subject So), 100% (subject Bl), and 

93.3% (subject Ne) accuracy. This suggests that the DBS ECAP response in both 

directional and ring electrode configurations can be used to gain an understanding of 

implant location and is generalizable across subjects. The main determining feature 

across all subjects was the primary feature amplitude (Fig. 2-7), though there were also 

visible differences in secondary features in subjects Az and So. Additionally, changes in 

spatial heterogeneity were observed with changes in stimulation amplitude (Fig. 2-8), 

with the appearance then disappearance of a dipole as stimulation amplitude increased. 
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Figure 2-6 ECAP response by brain region. (A) ECAP responses for all stimulating and 

recording sites in each subject split by brain region for stimulating (rows) and recording 

electrodes (colors). In both subjects, STN stimulation with STN recording configuration 

results in the clearest secondary features, while LF stimulation with LF recording results 

in the highest amplitude primary features. (B) Quantitative analysis of evoked potentials 

across all Stimulation/Recording electrode brain regions. Both subjects had significantly 

lower primary feature amplitudes when recording or stimulating in STN vs the LF/LF 

group, and subject So had significantly more secondary features detected when 

stimulating or recording in STN vs the LF/LF group. All significant p values <= 0.022. 
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Figure 2-7 Classification of ECAP responses within and dorsal to the STN. (A) Example 

ECAP responses for stimulation/recording configurations with STN/STN or LF/LF from 

subjects Az, So, and Bl. Subject Ne was not included in this figure as all directional DBS 

electrodes were within the STN. Stimulation amplitudes in each case are similar but not 

identical within each subject. ECAP responses are shown at a scale for visualizing 

primary features (dark grey). Early (middle gray) and late (light gray) secondary features 

were considerably smaller and played a smaller role in differentiating brain regions. (B) 

Plots of the three RMS features for each subject used by the classifier showing 

separability of spatial categories (STN/STN, LF/LF) in the feature space. (C,D) RMS 

values (normalized within subjects) that are plotted together to show separability of 

spatial categories in feature space. 
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Figure 2-8 Spatiotemporal changes in ECAP features with increasing stimulation 

amplitude in Subject So. ECAP responses in each recording channel and a single 

stimulation site (e2B) to increasing stimulation amplitudes (applied in a randomized 

order over a single recording session). Side effect threshold for the stimulation site was 

650µA. A dipole was present between rows 1/2 and 3/4 from 325µA to 812.5µA. Color 

grid represents positions of recording sites on lead (unwrapped for 2D representation). O 

marker indicates an open channel, and S marker indicates the stimulation site. 

2.5 Discussion 

This study investigated the spatiotemporal features of ECAPs collected within 

and around the STN region in four MPTP-treated non-human primates who were 

chronically implanted with STN-DBS leads. The use of directional DBS leads in this 

study enabled multi-channel recordings within and dorsal to the STN in the same subject 

with electrode contact position and orientation verified with post-mortem histology. ECAP 

features in the STN region were observed to (a) follow a nonlinear intensity curve with 

respect to stimulation amplitude; (b) exhibit strength-duration curve relationships; and (c) 

vary systematically by stimulation / recording electrode configurations. Findings (a) and 

(b) provide continued support for the neurobiological basis of ECAPs in the STN region, 

while finding (c) indicates an opportunity to use subject-agnostic analysis methods of 

ECAP responses to determine electrode positions using pooled multi-subject classifiers. 

Traditionally, ECAP features have been viewed as having specific peak and 
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trough features [50–52,54,64] that reflect detection of neural sources of convergent 

activity. In this study, the timing, location, and number of these features varied 

depending on stimulation amplitude and electrode configuration, lead geometry, and 

implant location. Using time ranges rather than specific points when calculating ECAP 

features allowed for more broadly applicable data analyses such as the use of summary 

statistics (RMS values), rather than peak-to-trough amplitudes or prominences. 

Additionally, previous ECAP studies have relied on macroscale electrodes and bipolar 

recording configurations with two electrodes guarding a center stimulating electrode 

[50,51,64]. In this study, single-electrode ECAP responses were used to show visually 

separable features between the STN and regions dorsal to the STN, most prominently 

observed in the primary features. These features enabled classifying electrode location 

(within the subthalamic nucleus or within the lenticular fasciculus) with high accuracy 

across subjects.  

Previous research has suggested that the likely source of the primary features 

are direct axonal activation of passing white matter fibers [52], which would be in much 

greater number and more aligned in the LF than in the STN. This may provide one 

possible explanation for why the primary feature amplitude was larger in the LF/LF than 

the STN/STN configurations. Though the ECAP response data did not support a method 

to determine DBS lead orientation, such as the use of a directional classifier, additional 

subjects and recordings spanning a broader set of implant locations would be helpful to 

tease apart the neuroanatomical origins of differences in directional ECAP responses 

(Fig. 2-7, Fig. 2-8). Additionally, the classifier was not used to predict whether a 

stimulating electrode was in the STN while the recording electrode was in the LF or vice 

versa given that stimulating and recording electrode pairs in the same region proved to 

have a much higher accuracy level. 

The ability of a linear classifier to accurately predict where a stimulation and 

recording site pair are located could be useful for programming DBS systems, especially 

as DBS lead designs become more complex and clinical monopolar reviews take longer 

to complete. Studies have shown that stimulation targeting specific regions about the 

STN can be helpful in the programming process. For example, the dorsal region above 

STN can be beneficial for the cardinal motor signs of PD including rigidity and 

bradykinesia [65], but also helpful for suppressing stimulation-induced dyskinesias [18]. 

At the same time, stimulation of the lenticular fasciculus has been associated with 

worsening of gait parameters [66] and worsening of freezing of gait [67]. 
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This approach complements other techniques for identifying DBS lead position 

and offers some strong advantages. One common approach is to merge high-field pre-

operative MR imaging, that can visualize boundaries of the STN [68], with post-operative 

CT imaging showing the position of the lead within the context of the cranium and 

ventricles. Most DBS centers, however, do not have access to high-field MRI, and even 

with such imaging facilities the definitive location and orientation of the DBS lead implant 

can only be confirmed, as shown in this study, with post-mortem histology. Previous 

studies have also shown that resting-state local field potentials filtered in the beta-band 

(12-30 Hz) can be useful for intra-operative targeting of DBS lead implants in the 

dorsolateral ‘motor’ STN, but again the exact location of the spectral feature can vary by 

several millimeters, especially considering the necessity to use bipolar electrode 

montages [69]. In this way, the ECAP approach may be a valuable complement for 

clinicians to use with current methods. 

The use of alternating polarity stimulation as a means of canceling stimulation 

artifact meant the stimulation parameters differed slightly from what is used clinically. In 

some studies, using artifact removal hardware for thalamic ECAP recordings suggested 

that the anodic-leading and cathodic-leading ECAP responses and therapeutic effect on 

tremor were largely similar [64]. Other studies using cochlear stimulation [70] have 

indicated differences in ECAP responses between anodic-leading and cathodic-leading 

pulses. As such, the ECAP signals recorded may reflect an amalgam of different 

sources evoked between waveform polarities. However, any such amalgamation does 

not impact the usefulness of the ECAP features for electrode localization using a linear 

classifier. Some, but not all, recordings also contained high-frequency noise in the 0.8-

1.0 kHz range, which necessitated offline filtering. While the approach removed most of 

the high-frequency noise, some recordings still had a small residual noise level 

remaining. By employing analysis techniques such as calculation of RMS values as our 

feature amplitude metric, we reduced the effect that any residual noise had on the 

analysis, since the noise was of a high enough frequency to have multiple periods within 

a given feature window and features were either positive enough or negative enough 

that the noise did not cause the signal to cross 0 (thus the RMS of the noise approached 

a net 0 change on the signal). 
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2.6 Conclusion 

This study found several principles that govern ECAP responses to DBS targeted 

within and around the STN. Increased stimulation amplitude or pulse width primarily 

affected the amplitude of ECAP features so long as the stimulation parameter exceeded 

a threshold to produce a detectable response feature. In contrast, variation in stimulation 

and recording site configurations had a large effect on when and what features were 

present in the ECAP response. Importantly, primary feature amplitude provided a means 

to accurately distinguish electrode contacts within or dorsal to the STN, which will be 

useful for guiding the programming of STN-DBS systems in the future. 
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Chapter 3: Investigation of evoked compound 

action potential dynamics in the parkinsonian 

subthalamic nucleus region 
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3.1 Chapter Overview 

Prior investigation of evoked compound action potentials (ECAPs) during deep 

brain stimulation (DBS) has primarily focused on the existence of ECAPs as biological 

signals and how ECAP features change with increasing stimulation amplitude. Future 

closed-loop systems that utilize features of ECAPs would benefit from a more detailed 

understanding of the extent to which ECAP features adapt after the onset of stimulation. 

In this study, we investigated the short-term time-course of changes in ECAP features in 

the subthalamic nucleus and lenticular fasciculus of two MPTP-treated non-human 

primates. Over the initial thirty seconds of stimulation, the primary features of the ECAP 

response within both regions habituated over time (median range: 8-14%), whereas the 

secondary features showed a longer latency (~0.5 ms, time constant median range: 5-12 

sec) after each stimulus pulse. These results suggest an initial decrease in the fidelity of 

axonal entrainment to the stimulus pulse train (primary features) as well as some 

combination of axonal conduction and synaptic delay in the basal ganglia network. Such 

time constants are on the same order of magnitude as many of the reported wash-in 

effects of STN-DBS therapy on parkinsonian motor signs. 

3.2 Introduction 

Deep brain stimulation (DBS) targeting the subthalamic nucleus (STN) for 

treating the motor signs of Parkinson’s disease is known to result in neural circuit 

changes that adapt over time following stimulation onset [71]. Previous studies have 

focused on investigating these changes in neuronal spike rates and patterns within the 

globus pallidus, which receives excitatory projections from STN and sends inhibitory 

projections to the STN. These studies have shown that STN-DBS generates an increase 

in globus pallidus spike activity with the effect waning over time [72], and that STN-DBS 

generates phase-locked spike activity in the globus pallidus, the fidelity of which also 

wanes over time [73]. In contrast, STN-DBS reduces neuronal spike activity in the STN 

[63,74], and beta band power reduction in recorded local field potentials (LFPs) has 

been suggested as a potential physiological feature of deep brain stimulation (DBS) 

therapy [75,76]. The reduction observed in the STN is almost instantaneous with the 

onset of stimulation [77] and nearly instantaneously in the globus pallidus [78]. 
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These time ranges for electrophysiological effects of STN-DBS to wash-in mirror 

similar time ranges for the therapeutic effects of STN-DBS on parkinsonian motor signs 

to manifest. For instance, STN-DBS effects on resting tremor typically occur within a few 

seconds [79], whereas effects on muscle rigidity and bradykinesia can require seconds 

to minutes to take hold [80]. Additionally, STN-DBS can improve bradykinesia with 

effects that are both concurrent with stimulation as well as effects that have a wash-in 

time constant on the order of minutes [81].  

Features of electrically-evoked compound action potentials (ECAPs) that 

correspond to both local activation (primary features occurring within 1-2 ms of a 

stimulus pulse) and network modulation (secondary features occurring after the primary 

features) have been investigated in terms of their biological existence and relationship to 

therapy on parkinsonian motor signs [51,52,54,64]. While some work has been done 

investigating the temporal dynamics of ECAPs in the globus pallidus during STN-DBS 

[50], this work was limited to single stimulation sites, amplitudes, and recording 

configurations. Additionally, the extent to which ECAP features in the STN during STN-

DBS adapt after stimulation onset is not known.  

In this study, we investigated the temporal changes in ECAP features in the STN 

and lenticular fasciculus (LF) of two MPTP-treated non-human primates over the course 

of thirty seconds of stimulation. We further investigated how these temporal changes 

depended on stimulus amplitudes, pulse widths, and electrode configurations. Such 

knowledge will be critical to future closed-loop DBS systems that utilize ECAP features 

as feedback for titrating stimulation settings.  

3.3 Methods 

3.3.1 Preclinical subjects 

ECAPs from two aged female rhesus macaque monkeys (macaca mulatta; 

subjects Az, aged 18.5 years, and So, aged 19.5 years) were investigated in this study 

using STN-DBS leads. Procedures used in the study were approved by the University of 

Minnesota’s Institutional Animal Care and Use Committee and were performed following 

the United States Public Health Service policy for humane care and use of laboratory 

animals. All animals received environmental enrichment, free access to water, and a 

wide variety of foods, including fresh fruits and vegetables. All effort was made to 

provide animals with adequate care and prevent discomfort during the study. 
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3.3.2 Surgical Procedures 

Pre-operative imaging using a 7T human bore magnet with custom-designed 

head coils for non-human primates at the Center for Magnetic Resonance Research at 

the University of Minnesota was performed for each subject. DBS leads were implanted 

along an oblique mapping track that had the largest span of sensorimotor-responsive 

STN cell activity, matching previous studies [21,22]. Implant depths were designed to 

have electrodes within the sensorimotor STN and the region dorsal to the STN, 

containing the lenticular fasciculus [23] (Fig. 3-1). 

 

 

Figure 3-1 DBS lead localization within the STN. (A) Directional DBS leads used in this 

study. (B, C) High-field 7T MRI and CT co-registration were used to identify the position 

of each lead within the subthalamic nucleus with confirmation from post-mortem block-

face histology. 

 

3.3.3 DBS Implant Procedures 

A 6-channel directional DBS lead (Abbott Neuromodulation, 0.6 mm diameter), 

consisting of 2 rows and 3 columns of electrodes (0.75 mm height, 0.5mm spacing 

between rows) with the top row clocked 60 degrees from the bottom row was implanted 

in subject Az. A 12-channel directional DBS lead (Heraeus Medical Components, 0.8 
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mm diameter), consisting of 4 rows and 3 columns of electrodes (0.5 mm height, 0.5 mm 

spacing) with no rotational offset was implanted in subject So. DBS lead wires were 

routed to another chamber to interface with an external neurostimulator (IZ2MH) and 

recording (PZ5) system (Tucker-Davis Technologies). To estimate placement of the DBS 

lead implant with respect to the STN, a post-operative CT scan was taken and co-

registered to the pre-operative MRI (Fig. 3-1). Lead location was later confirmed with 

post-mortem block-face histological imaging. A post-mortem bubble test was used to 

determine split-band electrode orientation, verify electrode connector maps, check for 

electrical shorts, and identify each electrode’s orientation relative to the brain. In this 

test, the explanted lead (still integrated with the chamber and cap) was submerged in 

0.9% saline, and stimulated through with 1-5 mA DC current over 1-5 sec to generate an 

electrolysis reaction and small bubble at the stimulated electrode, with different currents 

and durations required for each lead. 

3.3.4 ECAP Stimulation Protocol 

Pulse trains (125 Hz) of monopolar stimulation were delivered through a single 

electrode contact. These pulse trains consisted of biphasic pulse waveforms that 

alternated between cathodic and anodic for first phase polarities. The first phase of each 

pulse had a duration of 100 µs, while the second (active recharge) phase had a duration 

of 1 ms with a stimulation amplitude at 10% of the first phase’s amplitude. The overall 

stimulation amplitude was increased until sustained side effects were observed on the 

contralateral side (e.g., muscle contractions, dyskinesias, etc.). Subsequent stimulation 

trials were then capped at 25 µA below the side effect threshold as determined for each 

electrode on the DBS lead, except in the case of subject So where ECAPs were 

recorded transiently at higher amplitude settings during dyskinesias. Monopolar ECAP 

recordings were collected from non-stimulating electrodes at a sampling rate of 48.8 kHz 

and in reference to cranial bone screws distributed over the parietal lobe during each 

stimulation trial. 

Strength-duration sweep experiments: Systematic variation of current amplitude and 

pulse width of the charge-balanced, biphasic waveforms was used to assess strength-

duration relationships. The protocol consisted of stimulating at (1) seven current 

amplitudes in the parkinsonian condition, and (2) five pulse widths per stimulus 

amplitude ranging from 40 to 160 µs for the first phase. Each trial consisted of 30 s of 

stimulation, with 30 s of no stimulation between each parameter combination. The order 
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in which the parameters were delivered was randomized, but kept consistent across 

electrodes and subjects (Az and So). Stimulation amplitudes were kept below side effect 

threshold (12.5%, 25%, 37.5%, 50%, 62.5%, 75% and 87.5% of side-effect threshold), 

except in the case of subject So, in which side effects thresholds for dyskinesias were 

exceeded for an additional experiment with higher amplitude stimulation (25%, 50%, 

75%, 100%, 125%, 150%, and 175% of side effect threshold). These stimulation 

amplitudes were still below muscle contraction side effect thresholds. 

3.3.5  MPTP treatment and evaluation 

A series of systemic injections of the neurotoxin MPTP (1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine) was given to each animal. Following MPTP treatment, the 

parkinsonian motor sign severity was rated for each subject using a modified version of 

the Unified Parkinson’s Disease Rating Scale (mUPDRS). mUPDRS consisted of 14 

motor scores quantified from 0 (no effect) to 3 (severe) [24]. Overall severity of 

parkinsonian motor signs was determined using the total motor score for each subject, 

and these scores were measured at least five times. Averaged scores were 8.47/42 for 

subject Az (mild), and 0/42 for subject So (asymptomatic). 

3.3.6  ECAP processing 

Data were processed to remove the stimulation artifacts and residual noise using 

a two-part filtering approach to avoid over-smoothing primary features while removing 

high frequency noise from secondary features of the ECAP (Fig. 3-2). First, baseline 

subtraction was applied to each interstimulus ECAP segment (8 ms long) by subtracting 

the amplitude of the first data point (0.4 ms before the stimulus pulse) from all 

subsequent data points in the ECAP segment. ECAPs were then calculated over the 

course of stimulation using a 100-pulse (0.8 second) window to average recorded 

potentials and reduce noise. This window was slid by 10 pulses at each time point (0.08 

seconds). This averaging dramatically reduced the electrical artifact as shown in Fig. 3-

2. Finally, the resulting data in each window were smoothed (4-sample moving average 

over the first 1.17 ms and 16 sample moving average over the remaining portion of the 

segment). 
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Figure 3-2 Signal processing of ECAPs within and adjacent to the STN. (A) ECAP 

recordings were collected through non-stimulating electrodes during an alternating 

sequence of cathodic-leading and anodic-leading waveforms applied through one 

electrode. (B) Raw ECAP data were then grouped by leading stimulation polarity, 

averaged, filtered, and separated into primary and secondary features. 

 

A 0.8-1.0 kHz noise source that was consistent in amplitude over the entire peri-

stimulus time window was detected in some ECAP recordings. To avoid generating 

artifacts in the primary features during filtering, the peri-stimulus data was passed 

through an IIR filter with 0.99 steepness with a delayed filter onset (only data from 1.25-

7.4 ms was filtered). A weighted averaging of 9 samples was used to stitch the 

processed data before and after 1.25 ms together to avoid discontinuities in the data 

(sample 1 was 90% unfiltered sample value plus 10% filtered sample value, and sample 

9 was 10% unfiltered sample value plus 90% filtered sample value). 
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The need for filtering of data with this 0.8-1.0 kHz noise source was determined 

objectively as follows. Two conditions were defined using the calculated maximum 

spectral power in two bands (<500 Hz and 700-1500 Hz) in each recording: (A) the 

maximum spectral power of the unfiltered <500 Hz band was sufficiently greater 

(determined by a manually set threshold for each subject) than the maximum spectral 

power for the unfiltered 700-1500 Hz band, and (B) the maximum spectral power of the 

unfiltered <500 Hz band was less than the maximum spectral power of the filtered <500 

Hz band. If condition A was false, or if both conditions were true, the recording was 

marked for filtering. This detection was run using data averaged over the last 20 

seconds of stimulation, then applied to all windows of data in that recording to make the 

process computationally efficient. 

3.3.7 Data analysis 

Feature detection: Primary feature amplitudes were determined as the maximum 

and minimum values within the time range of 0.33 ms to 1.13 ms post-stimulus onset, 

while secondary feature latencies were detected using a guided findpeaks approach 

over 1.25 ms to 7.40 ms post-stimulus onset to exclude false positives, including the use 

of a minimum peak prominence based on signal maximum in the secondary feature time 

window and a minimum peak distance of 1.1 ms. Negative secondary features were 

detected using the negative of the response. Detected features were further filtered 

based on the time at which they occurred and via cluster analysis (MATLAB clusterdata) 

to ensure proper tracking of the same feature across the entire stimulation duration. 

Curve fitting: After feature detection, features were modeled using a sigmoid 

curve fit with 5 parameters. A noise signal of approximately 0.4 Hz was detected 

throughout most recordings in the stimulation duration axis. This was filtered prior to 

fitting a curve using a lowpass IIR filter with 0.9 steepness. Using this filter required 

continuous data, so any time points where a feature was not detected (this was never 

the case for primary features) were linearly interpolated. The filtered data was then used 

for all future analysis. 

Starting points and parameter bounds for the model were set based on the 

typical requirements for a good fit across all data. This resulted in a model that fit a curve 

for a decaying sigmoid to the data. Sigmoid fit was further encouraged through including 

baseline data points prior to the onset of stimulation, calculated as the mean of the first 

15 data points (first 1.2 seconds of stimulation) to represent an initial steady state. 
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Goodness of fit was measured using the R2 value calculated using only the measured 

data (excluding the “pre-stimulation” additions) to ensure the addition of estimated data 

did not bias the fit. The starting and ending points of the data were also weighted higher 

than the middle points for the secondary features, applying a weight of 1 for samples in 

the first 4.8 seconds, a weight of 1.5 for samples in the last 1.6 seconds, and a weight of 

0.5 for all remaining samples. 

Two types of sigmoid models were applied: Model 1 was defined as the type that 

best fit the majority of a given feature, while Model 2 was defined as its polar opposite. 

For primary feature amplitudes, Model 1 was a decaying sigmoid ( 
𝑎

𝑏+𝑒𝑐∗𝑥−𝑑
+ 𝑒) where c 

was bound as a negative value with Model 2 being a growing sigmoid (c bound as a 

positive value). Secondary feature latency Model 1 was a growing sigmoid while 

secondary feature latency Model 2 was a decaying sigmoid.  

Feature analysis: Using the sigmoidal curve fits, primary and secondary feature 

time constants were calculated as the time point at which 63.2% of the difference from 

the feature value (latency or amplitude) at the initial time point and the projected value 

after 2 minutes of stimulation. This time constant definition was chosen because the 

sigmoid used was similar to the modified exponential used to represent an RC circuit, 

which commonly use the 63.2% measure. Goodness of fit was also used to determine 

useful trials for each feature property (i.e. primary feature amplitudes and secondary 

feature latencies). Only trials with Model 1 curve fits with an R
2
 of at least 0.7 were used 

for further analysis. Curve fit parameters and feature latencies were combined across 

subjects. When plotting the data, data from subject So was normalized to its mean and 

multiplied by the mean in subject Az’s data to keep the two subjects on the same scale. 

N1 feature amplitudes were plotted as negatives of the feature value for ease of 

comparison. 

 

3.3.8 Statistical analysis 

Individual comparisons in ECAP primary feature amplitudes and secondary 

feature latencies between the start and end of stimulation were performed using the 

Wilcoxon signed rank test (MATLAB’s signrank), with data points paired by stimulation 

amplitude, stimulation pulse width, and stimulation and recording electrode locations. 

Comparisons of ECAP secondary feature latencies across changes in stimulation 

amplitude were first assessed for significant differences using a Kruskal-Wallis test 
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(MATLAB’s kruskalwallis function). After a significant result from this test, individual 

comparisons were made using the Wilcoxon signed rank test as above, corrected for 

multiple comparisons using the Holm method. Reported p values account for Holm 

correction. 

3.4 Results 

During the first 30 seconds following STN-DBS onset, the ECAP primary feature 

amplitudes for both the observed negative trough (N1) and positive peak (P1) decreased 

significantly (Wilcoxon signed rank, p<0.001) (Fig. 3-3A,B). These habituation effects 

were noted for stimulation targeting either the STN or the LF. At clinically-relevant 

amplitudes (87.5% of the side effect threshold), the total primary feature habituation was 

8% for N1, and 14% for P1 (Fig. 3-3C). The actual amplitude reduction over the 30 sec 

stimulation duration was larger for N1, but the percentage change (calculated on a pair-

wise basis between start and end values for each trial) was lower than that for P1 given 

the larger N1 amplitude at baseline. Additionally, the habituation effect for N1 and P1 

was stronger for higher amplitude stimulation, but only the effect on N1 was statistically 

significant (Wilcoxon signed rank, p<=0.029). 

In contrast to the ECAP primary features, the ECAP secondary features did not 

have a consistent change in amplitude over the initial 30 seconds of stimulation. 

However, the appearance of the ECAP secondary features was delayed within the 

interstimulus time window over the wash-in period of STN-DBS (Fig. 3-4).  This change 

was greater in subject So, but both subjects showed a statistically significant effect 

(Wilcoxon signed rank, p<0.001). Additionally, the delay in secondary features occurred 

for all peaks and troughs present, but was more apparent in the secondary features 

occurring between 4-6 ms after the stimulus pulse. 

The wash-in dynamics of the primary feature amplitudes were best fit to a 

decaying sigmoid function, while the wash-in dynamics of the secondary feature latency 

was best fit to a growing sigmoid function (Fig. 3-5A-C). Across all data analyzed, 38% 

of subject Az’s data and 49% of subject So’s data fit this model (i.e. Model 1), while only 

11% and 17% had a better fit with the polar opposite (i.e. Model 2). Data that did not 

have a good fit (defined as R2<0.7) with Model 1 was not further analyzed. The majority 

of data with no fit (51% of all fits in Az and 34% of all fits in So) was a result of a lack of 

detection of secondary features, as not all recording configurations had secondary 
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features present in a way that could be detected. Secondary feature latencies typically 

increased by about 0.5 ms over the course of 30 seconds of stimulation. Time constants 

for these functions were between 5 and 12 seconds on average, but could be as long as 

20-25 seconds (Fig. 3-5D). 

 

 

 

Figure 3-3 Adaptation of ECAP primary features during STN-DBS. (A) Example primary 

feature recordings (P1 and N1) after 1 sec and 30 sec of stimulation. (B) Total amplitude 

reduction and the percent change in amplitude for all trials with stimulation at 87.5% of 

side effect threshold. All changes were significantly different from 0 (p < 0.001). Medians 

are shown as white dots. 
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Figure 3-4 Change in latency of ECAP secondary features during STN-DBS. (A) 

Example changes in ECAP secondary features over the course of 30 seconds of 

stimulation showing a temporal delay in feature appearance over time. (B) Violin plots 

showing the secondary feature latency change for the last peak and trough detected in 

each recording. Data is shown filtered by recording site or stimulation site, with each site 

containing data across all possible stimulation or recording sites and amplitudes. In all 

cases and for both features there is a significant latency shift from 1 second of 

stimulation to 30 seconds of stimulation. Feature latencies are drawn from the curve fits 

created from the measured latency data. Changes in latencies between 1 and 30 

seconds of stimulation were all significant (all p values < 0.001). Medians are shown as 

white dots. 
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Figure 3-5 Characterization of wash-in time constants for primary and secondary ECAP 

features. (A) Illustration of Model 1 and Model 2 sigmoidal dynamics for primary and 

secondary features. (B) Percent of data that best fit (i.e. R2 > 0.7) between Model 1 and 

Model 2 for each subject. (C) Examples of curve fits using Model 1 for primary feature 

amplitudes and secondary feature latencies in both subjects. Vertical black lines indicate 

the time constant calculated for each curve fit. (D) Violin plots showing the time 

constants for primary feature amplitudes and secondary feature latencies at 87.5% of 

side effect threshold. Plots contain data across all stimulation pulse widths, stimulation 

sites, and recording sites. Medians are shown as white dots. 
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Although no consistent significant changes were observed in individual 

comparisons of secondary feature latencies with increasing stimulation amplitudes, both 

initial and end-of-stimulation latencies trended earlier with increasing stimulation 

amplitudes, with a total change of roughly 1 ms (Fig. 3-6). A Kruskal-Wallis test across 

starting latencies and ending latencies for each feature was significant (p < 0.001). 

Additionally, all location combinations (DBS targeting the STN or LF) had significant 

increases in latency over the course of 30 seconds of stimulation.   

0  

Figure 3-6 ECAP secondary feature latencies by stimulation amplitude. Violin plots 

showing secondary feature latencies at the start and end of stimulation for each DBS 

amplitude tested. Data are shown across all possible stimulation or recording sites and 

pulse widths tested. Medians are marked with white dots. Black lines mark means, with 

broadly dashed lines connecting mean latencies after 1 sec of stimulation at each 

amplitude, and finely dashed lines connecting mean latencies after 30 sec of stimulation. 
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Change in secondary peak latencies tended to increase with increased 

stimulation amplitude when examined over all recordings, but separating the data into 

LF/LF and STN/STN stimulation/record configuration trials revealed differences in 

latency changes based on stimulation and recording site location (Fig. 3-7). LF/LF 

configurations had a decrease in latency change after one step in stimulation amplitude 

followed by no change with further increases to stimulation amplitude. In contrast, 

STN/STN configurations generated an increased latency of secondary features with 

increasing stimulation amplitudes (Fig. 3-7B). Despite some observed increases in 

secondary feature amplitudes (Fig. 3-7A), these changes were not consistent across 

recordings (Fig. 3-4 A),  
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Figure 3-7 Secondary features at stimulation amplitudes above side-effect threshold. (A) 

Example plot of secondary feature response over 30 seconds of stimulation showing 

changes in latency for secondary peak and trough features. (B) Violin plots showing the 

change in secondary peak latency over the course of 30 seconds of stimulation as it 

relates to stimulation amplitude for higher-amplitude trials for all stimulation and 

recording sites, LF/LF stimulation/record sites, and STN/STN stimulation/record sites. 

3.5 Discussion 

In this study, we investigated the temporal dynamics of ECAP features within the 

STN and LF during STN-DBS. Primary features habituated in amplitude over the course 

of the initial 30 seconds of stimulation, while secondary feature latencies increased by 

about 0.5 ms over the same time period, with changes of up to 1.5 ms possible with 

stimulation amplitudes exceeding the side-effect threshold for dyskinesias. Secondary 
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feature latencies in the STN trended toward greater increases in latency over the course 

of the initial 30 seconds of stimulation during STN-DBS with increasing stimulation 

amplitudes. Secondary feature latencies in the LF, on the other hand, had very little 

change with increases in stimulation amplitude. Previous studies have shown a similar 

pattern in the phase-locking of globus pallidus spike activity during STN-DBS [73,82], 

which may stem from, or result in, the direct neural modulation patterns observed in the 

present study as the globus pallidus has both efferent and afferent connections with the 

STN. This provides further evidence that STN and LF ECAP secondary features are a 

result of post-synaptic axonal activation of neurons that are part of the STN/globus 

pallidus network [50]. 

ECAP primary feature habituation may stem from a loss of synchronous axonal 

capture with each stimulus pulse, a reduction in excitability as a result of increased 

extracellular potassium concentrations with repeated axonal activation [83], or a 

reduction in action potential amplitudes over time. In fact, a reduction in the volume of 

activation of neuron populations has been observed during cortical stimulation  in which 

the neurons active at onset of stimulation and at steady-state during high-frequency 

stimulation were spatially distinct [84]. Increases in extracellular potassium would result 

in lowered excitability and an increased likelihood of failure to generate action potentials 

or to allow action potentials to conduct along a given axon. Reduction in action potential 

amplitude with stimulation has been shown to occur in mammalian axons during high-

frequency stimulation. However, this change occurs within one second of stimulation 

onset rather than the 5-10 second wash-in observed in this study [85,86], reducing the 

overall likelihood of action potential amplitude reduction being the explanation for 

primary feature habituation. Additionally, decreases in pre-synaptic action potential 

amplitude was also linked to reduction in synaptic latency, which further reduces the 

likelihood that changes in ECAP primary feature amplitude are due to a reduction in 

action potential amplitude [92]. Finally, A habituation in phase-locking over the first 

minute of stimulation was observed in a previous study examining the downstream 

effects of STN-DBS on spike activity in the globus pallidus [73], suggesting that there 

may be a loss of action potentials being generated in STN to globus pallidus connections 

during STN-DBS.  

ECAP secondary feature responses, on the other hand, are thought to result 

from post-synaptic activity given their longer latency and the ability for pharmacological 

blockage of synaptic transmission to turn off the response [52]. The STN is intricately 
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connected with both segments of the globus pallidus [87], and likewise, the external 

globus pallidus projects back to the STN. Additionally, similar secondary ECAP feature 

latency changes were observed in the globus pallidus during STN-DBS [50], and the 

increase in secondary feature latencies align well with previously observed increased 

latency of neuron phase-locking in response to STN stimulation [73,82]. A later shift in 

these latencies indicates a slowing of the network, which may struggle to keep up with 

the same pace of high-frequency stimulation, especially at glutamatergic synapses [73]. 

Changes in feature latency could also be caused by a slowing conduction velocity from 

synaptic depression, or changes in presynaptic axon properties like increased 

extracellular potassium concentrations from axonal activation [88]. Changes at a 

synaptic level could be mediated by connections between the STN and the globus 

pallidus given that STN somatic activity is significantly attenuated during the period of 

secondary ECAP features with STN-DBS [82]. Similarly, synaptic depression has been 

shown to be more pronounced in cortical excitatory synapses [89], and STN connections 

to the globus pallidus are known to be excitatory in nature. Synaptic depression has also 

been shown to lead to changes in the phase of post-synaptic activity relative to a non-

depressed state [90], and these changes have been seen to occur with time constants 

similar to those observed in this study [91]. Axonal contributions to changes in ECAP 

secondary feature latencies could consist of changes in conduction velocity in STN 

efferents to the globus pallidus as the change in latency mirrors the changes seen in 

globus pallidus somatic activity during STN-DBS [73,82]. Additionally, inhibition of pre-

synaptic D-type (Kv1) voltage-gated potassium channels and shifts in pre-synaptic 

calcium currents have been shown to prolong the duration of the pre-synaptic action 

potential, which in turn increases post-synaptic response latency by up to 2 ms [92], and 

these channels are known to be present in STN neurons [93]. 

Decreased latencies of higher amplitude stimulation was inconsistent with results 

of a study linking ECAP responses to therapeutic outcomes [51]. However, the previous 

study used a bipolar recording configuration, which may have contributed to differences 

in the dipoles recorded within the ECAP signals. Additionally, in that study, stimulation 

was only delivered for 5 seconds, which may have led to differences in wash-in of the 

ECAP response. The fact that ECAP secondary feature latencies do consistently grow 

with time, however, fits well with the prior observation that later secondary feature 

latencies corresponded to better therapeutic outcomes at higher stimulation amplitudes. 
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This further supports a potential link between STN ECAP response wash-in and wash-in 

of STN-DBS therapy. 

3.5.1 Limitations 

This study and most previous studies on ECAP feature properties [50,51,54,64] 

have relied on specific feature detection using peak and trough amplitude and latency as 

the ECAP feature. However, spatial heterogeneity in ECAP responses (Chapter 2) was 

shown to necessitate the use of signal-agnostic feature detection for more objective 

analysis in order to compare signals with different feature latencies and numbers of 

features. Additional signal-agnostic methods should be developed to provide more 

broadly-applicable data analyses and reduce subjectivity in data analysis. Use of the 

findpeaks feature detection method in this study was done to improve comparability with 

previous studies and in the absence of a better method of measuring feature latencies. 

However, roughly 40-50% of all trials lacked sufficient feature detection using findpeaks 

to perform analysis (Fig. 3-5B) despite using a 0.8 second moving window to reduce 

noise at the cost of some temporal resolution in the stimulation duration axis. Studies 

analyzing wash-in of therapeutic effects typically record their measurements in 

timescales of multiple minutes, which does not allow for easy comparison of ECAP 

response changes to wash-in of therapy. However, the fact that the change typically 

happens between onset of stimulation and the first measurement time after stimulation 

onset does improve the likelihood of a link between ECAP feature changes and therapy 

wash-in, at least compared to an instantaneous change as happens with beta power 

during stimulation [81,94,95]. Stimulation amplitudes used in this study were dependent 

on side effect threshold, which lack the specificity of consistent stimulation amplitudes. 

However, this definition of stimulation amplitude does match clinical programming of 

stimulation amplitudes, which are often set as a percentage of side effect threshold. 

Finally, while this study used a sigmoid to model ECAP feature wash-in dynamics, there 

were some curves observed that may have also had damped oscillator dynamics, which 

could warrant the use of a different model than a sigmoid. 

3.6 Conclusion 

ECAP responses to STN-DBS are dependent on stimulation amplitude, 

stimulation location, and recording location, and change over the course of stimulation 
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with primary ECAP features habituating and secondary features increasing in latency. 

Primary feature habituation is suggested to be a result of axonal firing pattern 

entrainment or fatigue, while secondary feature latency increases suggest changes in 

circuit-level synaptic strength or axonal conduction velocity in the STN / globus pallidus 

network. In comparison to biomarkers of STN-DBS that change immediately with 

stimulation onset, the observed longer duration wash-in effects of primary and 

secondary ECAPs within and adjacent to the STN warrant further study to investigate 

possible links between STN ECAP dynamics and clinical wash-in of STN-DBS therapy.  
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Chapter 4: Preclinical evaluation of a novel LCP-

based deep brain stimulation electrode array: 

high-density deep brain recordings. 

Adapted from work to be submitted to Transactions on Biomedical Engineering, “Deep 

Brain Stimulation Arrays with Liquid Crystal Polymer Substrates for Bidirectional 

Interfacing” 
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4.1 Chapter Overview 

High-density deep brain electrode arrays have potential to significantly increase 

the feature space for clinician-programmed and adaptive deep brain stimulation (DBS) 

therapies. Previous DBS arrays have used polyimide substrates wrapped around a 

carrier lead. In this study, we report on development and evaluation of a DBS array with 

a thermoplastic-based liquid crystal polymer (LCP) substrate. Deep brain LCP arrays 

were fabricated with 48 (12 rows x 4 columns) electrodes, each coated with a rough 

platinum layer to increase charge-storage capacity, and then implanted in two 

parkinsonian non-human primates. Evaluation included resting-state local field potentials 

(LFPs), electrically evoked compound action potentials (ECAPs), and electrochemical 

impedance spectroscopy. Both chronically implanted DBS arrays retained the majority of 

viable electrodes after ~1 year of implantation and impedance magnitudes did not 

significantly change between pre-implant and post-explant measurements. Additionally, 

the DBS arrays showed spatial heterogeneity of LFP and ECAP features that were lost 

when recordings were analyzed in a ‘ring’-mode configuration. LCP-based DBS arrays 

are capable of maintaining long-term bidirectional interfaces. LCP substrate technology 

paired with innovative site coatings allows higher amplitude stimulation, recording of 

heterogeneous neural signals, and good resiliency of leads during chronic implantation. 

4.2 Introduction 

Deep brain stimulation is an implantable therapy used to treat a variety of brain 

disorders [96]. While effective, the potential for inducing side effects with DBS therapy 

has resulted in innovation in the implanted electrode lead design, including the use of 

three split-band electrodes around the lead’s circumference [97,98]. In such cases, if a 

lead is implanted slightly off-target, the split-band design allows one to better steer 

current away from pathways that induce side effects when stimulated [99,100]. Recent 

efforts to develop higher-density deep brain electrode arrays have shown promise in 

expanding the parameter space for steering electric fields around the lead [101] as well 

as improving the spatial resolution of local field potential recordings [102]. To date, these 

arrays have relied on a polymer substrate composed of polyimide, which can be prone to 

delamination and loss of substrate integrity [103]. 

Liquid crystal polymer technology has shown promising results with long-term in 
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vivo implantations, where µECoG arrays remained implanted for 3.4 years with stable 

impedance measurements [103]. As a substrate, LCP is flexible, durable, and is 

considerably more reliable than polyimide in salt spray, high humidity, and high 

temperature tests [104], all of which are valuable properties for chronic brain implant 

devices. Additionally, LCP is a thermoplastic, which enables thermal reshaping and 

resetting of internal stresses within the material when wrapping around a carrier tube for 

deep brain lead applications. When creating such electrode arrays with smaller 

geometric surface area sites, delivering high-amplitude currents without causing 

electrode corrosion can be challenging [105]. Previous studies have used site coatings 

including electroplated platinum [106], machine-lasered platinum [107], and conductive 

polymers [108] to increase the effective surface area of the electrodes. 

In this study, we report on a high-density deep brain electrode array using an 

LCP substrate that is thermally reformed around a carrier tube to withstand chronic 

implantation and designed with rough platinum electrode coatings to enable higher 

stimulation amplitudes. Two leads were chronically implanted and one lead was acutely 

implanted in the globus pallidus (GP) of two parkinsonian non-human primates. Before 

implantation and after explantation chronically implanted electrodes were assessed for 

impedances, and the ability to record neural signals and provide safe stimulation were 

assessed in vivo post-implantation for both chronic and acute implantations. 

4.3 Materials and Methods 

4.3.1 LCP array design and fabrication 

An LCP array was designed and developed with 48-channels for stimulating and 

recording from deep brain regions in non-human primates (rhesus macaques) (Fig. 4-1). 

Fabrication of the LCP (Dycoplast) arrays was performed by Dyconex AG (MST 

Company, Bassersdorf, Switzerland). The array design incorporated two embedded 

copper trace layers that were insulated by laminated LCP cover layers. Each LCP layer 

had a 25 µm thickness creating a flexible printed circuit (FPC) stack that was 75 µm 

thick. Trace width was set at 25 µm with 25 µm edge-to-edge spacing between traces 

and at least 125 µm spacing between the trace edge to the substrate edge. 
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Figure 4-1 High density DBS array components. Diagram (A) and picture (B) of the 48-

channel LCP array and proximal connector. The curled lead tip before (C) and after (D) 

platinum electroplating. 

The distal 4.5 mm end of the array was patterned with 12 rows each separated 

by 410 μm and each containing 4 contacts (alternating rows of 50 and 100 µm diameter 

electrodes). Electrodes on the surface of the cover layer were connected through 40 µm 

diameter vias to one of the trace layers. A thin layer of palladium followed by 

electroplated gold was used to coat the copper traces at each via. The distal portion of 

the LCP FPC was then wrapped around a rigid carrier tube and thermally reshaped 

creating a DBS lead body diameter of approximately 800 µm and a lead body length of 

40 mm, which included the 4.5 mm lead body tip.  

Traces from each electrode were routed through the flat portion of the flexible 

cable for several centimeters and bonded through via holes to a single nano-strip 

connector (Omnetics, Minneapolis, MN). This design provided physical separation 

between the lead body implanted within the brain and the externalized electrical pins of 

the connector. The FPC was designed to facilitate large batch production and each 
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section of the lead was designed to be adaptable to interfacing with several deep brain 

structures. 

 

 

Figure 4-2 High density DBS array coating. SEM of (A) bare platinum and (B) EPIC 

plated on a planar surface. EPIC coating greatly increased the surface area compared to 

platinum. 

4.3.2 Platinum electroplating 

The gold-surface electrodes underwent an electrodeposited platinum-iridium 

coating (EPIC) process using the procedures outlined in previous studies [109,110] to 

create electrodes with a high-surface area and increased charge storage capacity (Fig. 

4-2). Briefly, the EPIC film was created by cycling an applied potential between an 

electrode on the LCP array and an Ag/AgCl electrode in a solution of 0.2 g/L of sodium 

hexachloroiridate (III) hydrate and 0.186 g/L sodium hexachloroplatinate (IV) 

hexahydrate in 0.1 M nitric acid. A small fraction of electrodes on the implanted arrays 

had a limited Pt-Ir coating because no electrodeposited gold site was present (see Fig. 

4-1C at the distal lead tip showing the hypointense electrode site). Following the 

electrodeposition process, the resulting DBS arrays with LCP substrate and EPIC site 

material were sterilized using ethylene oxide gas (Anprolene EtO Gas Sterilizer). 

4.3.3 Surgical procedures 

Two parkinsonian non-human primates (macaca mulatta, subject Ga, 16 years, 

female; and subject Az, 18.5 years, female) were used to evaluate the performance of 

the DBS arrays in vivo. Each animal was imaged on a 7T or 10.5T MRI scanner with a 

custom-designed head coil for non-human primate brain imaging. These pre-operative 

images were used to plan the implant trajectory of each DBS array using a neurosurgical 

navigation software package (Preclinical Cicerone, contact the corresponding author for 

a copy). Subjects were instrumented with chambers oriented in an oblique anterior-to-
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posterior and lateral-to-medial trajectory consistent with DBS lead implants targeting the 

globus pallidus in humans.  

DBS arrays were implanted in the globus pallidus of both subjects (chronic, bilateral 

implant in subject Ga and acute, unilateral implant in subject Az). All DBS array implants 

were preceded by electrophysiological mapping of globus pallidus boundaries and 

functional territories using glass-tipped platinum microelectrodes (250 µm shank 

diameter, 0.8-1.2 MΩ, FHC) via the implanted DBS chambers. The DBS arrays were 

implanted using a stiff stylet at the center of the lead fed into a microdrive (Narishige, 

Amityville, NY) to drive the lead to the intended target. In subject Ga, each array was 

anchored to a ring within its DBS chamber, and the flex cables from each array were 

tunneled into another headcap chamber that housed both Omnetics connectors. 

4.3.4 MPTP treatment 

Both subjects were rendered parkinsonian with systemic injections of the 

neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) consistent with 

previous studies [16], [17]. 

Following MPTP treatment, parkinsonian motor sign severity was rated for each 

subject using a modified version of the Unified Parkinson’s Disease Rating Scale, 

consisting of 14 motor scores, quantified from 0 (no effect) to 3 (severe) (Imbert et al., 

2000). The total motor score (max: 42) for each subject was used to determine the 

overall severity of parkinsonian motor signs. Averaged scores were 8.5 for Subject Az 

(mild), and 16.2 for Subject Ga (moderate). 

4.3.5 Electrochemical impedance measurements 

Electrochemical impedance spectroscopy measurements were performed prior to 

implantation and after explantation using a Metrohm Autolab potentiostat with sinusoidal 

waves ranging on a log-scale frequency from 0.5 Hz to 1 MHz with 10 samples per 

decade. These measurements were conducted in a solution of 1X PBS with an Ag/AgCl 

reference electrode. Impedances were analyzed with equivalent circuit analysis using 

ZFit for MATLAB [111]. The circuit model was kept simple with a single spreading 

resistance and constant phase element in series to represent the electrode interface pre-

implant and post-explant. Changes in equivalent circuit model parameters were tested 

for significance using a paired t-test (p<0.05). 
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4.3.6 Resting state LFP recordings 

Resting state LFP recordings from each DBS array electrode were sampled a 

48.8 kHz using a PZ5 amplifier (Tucker Davis Technologies, Alachua, FL). The signals 

were passed through a 60 Hz notch filter, and then common average referenced using 

the mean of all viable channels. Spectral power of the LFP signals was calculated using 

MATLAB’s pwelch function, converted to dB, and then normalized to the maximum 

power in the signal (typically around 0-1 Hz) for each channel. To remove 1/f noise, the 

spectral power at each electrode in the 0-10 Hz, 35-55 Hz, and 65-115 Hz bands was fit 

to a 1/fα curve, and this curve was subtracted from the channel’s normalized power. 1/fα 

curve fits had adjusted R2 values averaging 0.85 for subject Ga (left), 0.71 for subject Ga 

(right), and 0.89 for subject Az. The resulting data was then examined for beta band 

power in the low (15-20 Hz), and high (20-35 Hz) beta bands, with each band’s power 

being normalized again by subtracting the maximum power in that band across all 

channels analyzed (setting maximum power to 0). Simulated row spectral power was 

calculated using the average of the recorded LFPs from the electrodes in the simulated 

row after removing the common average reference. This analysis was performed using 1 

minute of data taken from a resting state recording. 

4.3.7 ECAP recordings 

Electrical stimulus pulse trains were delivered at 125 Hz through a single contact 

using charge-balanced biphasic pulse waveforms that alternated between cathodic- and 

anodic-leading polarities. The first phase had a duration of 100 µs with larger stimulus 

amplitude, while the second phase had a 1 ms duration with a lower stimulus amplitude. 

Using these stimulus parameters, amplitude thresholds for inducing side effects (e.g. 

muscle contractions or dyskinesias) were determined by increasing the overall stimulus 

amplitude until a sustained side effect was observed on the contralateral side. Following 

the determination of side effect thresholds for each electrode configuration, subsequent 

stimulation trials were capped at 25 µA below the corresponding side effect threshold for 

that electrode on the DBS array. Stimulation was delivered for 20 seconds at a time. 

ECAP responses were calculated from alternating polarity stimulation trials. First, 

baseline subtraction was applied to each interstimulus segment (8-ms long) by 

subtracting the signal amplitude at 0.35 ms before the stimulus pulse from all 

subsequent data points in the interstimulus segment. Next, segments were sorted based 
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on cathodic-anodic or anodic-cathodic stimulus waveforms to ensure that the sample 

sizes for both stimulus waveforms were identical. All ECAP responses over the last 20 

sec of stimulation at a given electrode were averaged together. The resulting data were 

then smoothed (4-sample moving average over the first 1.17 ms and 16 sample moving 

average over the remaining portion of the segment). This two-part filtering approach 

avoided over-smoothing the primary features while still removing high frequency noise 

from the secondary features of the ECAP. 

4.4 Results 

The total coated, viable electrodes on each chronically implanted DBS array 

remained high after 1 year, with a total loss of 6 out of 85 electrodes across both leads, 

or roughly 7% (Fig. 4-3A). The left hemisphere DBS array began with 2 open channels 

and ended with 4, while the right hemisphere array began with 1 and ended with 5. 

Equivalent circuit analysis of the impedance spectroscopy measurements taken from a 

subset of coated, viable electrodes before implantation and after explantation showed a 

significant increase in interface capacitance (α parameter increased from 0.7 to 0.9, 

p<0.001), while the impedance magnitude showed no significant change (mean K 

parameter remained the same, p=0.063) (Fig. 4-3B,C). 

 

 

Figure 4-3 Impedance analysis of implanted site coatings. (A) Plots showing percentage 

of viable, coated channels at implant and after explant of each DBS array. (B) Equivalent 

circuit model analysis of impedance data showing the Nyquist plot slope increased from 

pre-implant to post-explant. (C) Parameters K and α fits from electrical circuit analysis 

model from pre-implant and post-explant impedance measurements. 
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Figure 4-4 Resting state LFP recording heterogeneity. (A) Example power spectra from 

a row of electrodes for each DBS array showing differences between single electrode 

and grouped row configurations. (B) Heat maps showing the normalized low and high 

beta power as recorded from simulated row electrodes.  (C) Heat maps of the data from 

part B, but across all individual electrodes. Channels with higher noise or which were 

known to be open circuits are marked in white. (D) Violin plots comparing maximum 

peak beta power across individual electrodes from each row with the peak beta power 

recorded in the simulated row. Maximum recorded peak low beta power was significantly 

greater in individual electrode recordings than simulated row recordings (p< 0.05, paired 

T-test). In most cases maximum recorded peak high beta power was significantly 

different from that recorded in simulated rows (p< 0.05, paired T-test). Asterisks in B and 

C indicate the row of channels shown in part A. 
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Figure 4-5 ECAP heterogeneity in GPe and putamenal stimulation. Monopolar ECAP 

responses across all sites (A and C) or simulated row (B and D) to stimulation targeting 

the putamen (top row) or GPe (bottom row). Parts i and iii show full ECAP response, 

while parts ii and iv show a zoom of first 2 ms of the ECAP response, with color scale 

range increased 10-fold to show the full spectrum of values in the early ECAP response. 

White bars indicate open channels, with an S marking the stimulation site. 
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To study the heterogeneity of resting state LFPs, beta band power was 

compared between columns and rows on all three DBS arrays (Fig. 4-4A). When 

electrodes were grouped into rows, there was a clear loss of spatial information on beta 

band power (Fig. 4-4B,C). In some cases, electrodes recording large beta band power 

were lost in the average (Fig. 4-4A); conversely, other rows had a single channel 

dominate the row with an otherwise diverse set of signals (Fig. 4-4B,C). Additionally, the 

maximum beta power peak in a given row was significantly higher for low beta peaks 

when recorded through individual electrodes as compared to the simulated row 

recording (Fig. 4-4D) 

DBS arrays were also able to evoke and capture ECAPs in response to 

stimulation (Fig. 4-5A,C). Appearance of evoked potentials depended on stimulation and 

recording locations, with the highest amplitude responses observed at sites closest to 

the stimulation site and ECAP wavefronts extending from those sources. Heterogeneity 

of responses was more readily visible when observed through individual electrodes (Fig. 

4-5A,C) than through simulated row electrodes (Figure 4-5B,D). 

4.5 Discussion 

In this study, we report on the development and evaluation of a novel high-

density DBS array using a thermally reshaped LCP substrate and microelectrodes 

coated with a rough platinum-iridium layer to increase their charge storage capacity. The 

majority of electrodes continued to be viable after ~1 years of implantation, and the DBS 

arrays showed more detailed spatial heterogeneity of LFP and ECAP responses than 

could be gleaned from macro-scale electrode contacts. Together, the arrays show 

promise towards providing higher density bidirectional interfacing for DBS therapy. 

LCP as a substrate for bidirectional deep brain interfaces has several 

advantages. Most notably, the thermal shaping property enables bending the substrate 

and metal traces into a cylindrical form factor and then resetting the material stresses 

through heat. This obviates issues that other polymer substrates have with delamination 

between microfabricated layers [103]. LCP is also a material shown to hold up robustly 

in wet and corrosive environments, with minimal water absorption [104]. The LCP 

material has also been shown to have no harmful effects on tissue through 

biocompatibility testing [112]. 
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The arrays were shown to enable bidirectional interfacing with deep brain 

structures. First, the heterogeneity of LFP beta power across the array matches a 

previous study’s results from implantation of a high-density electrode array in the 

subthalamic nucleus of parkinsonian non-human primates [102]. Together, these studies 

show that many of the resting-state oscillatory dipoles within the globus pallidus and the 

subthalamic nucleus are of a finer spatial scale than what large macroelectrode contacts 

are able to detect given shunting of those sources. Similarly, the arrays were able to 

measure ECAP responses with features that depended on the stimulation target and that 

varied in time with some stimulation sites evoking spatially localized effects (Fig. 4-5A) 

and others evoking traveling waves (Fig. 4-5C). 

Stimulation through the arrays and site coatings was able to be of a sufficient 

current amplitude to result in ECAP responses and testing of side effect thresholds 

without loss of any coated sites as a result of experimental stimulation. This suggests 

that the coating used for the electrodes was able to extend current densities beyond the 

traditional limits used for DBS leads with platinum-iridium, macro-scale electrodes. 

Smaller electrode sites present opportunities to deliver DBS therapy with less tissue 

damage through thinner diameter leads as well as potentially through implants with 

electrodes positioned in three-dimensional configurations to enable more advanced 

electric field orientations [113]. 

Several limitations should be considered in the interpretation of the study. First, 

the data from this proof-of-concept study was collected from a limited number of subjects 

and implants. Extending these in vivo results in the context of continuous DBS pulses 

applied over years through these microelectrode contacts will be important to evaluate 

the translational potential of the stimulation technology for human applications. 

Additionally, although there was no evidence of damage to the lead as a result of 

stimulation, we were unable to collect data about potential tissue damage with higher 

than normal charge densities. However, previous data suggests that the traditional 

charge density safety limits are much higher for micro-scale electrodes [114]. 

4.6 Conclusions 

A novel high-density deep brain electrode array was developed and tested 

preclinically in acute and chronic implant preparations. The arrays showed stability in 

impedance over time, the ability to record LFPs and ECAPs with fine spatial selectivity, 



59 

 

and the capacity to deliver relatively high amplitude stimulation through microelectrode 

sites as small as 50 μm diameter without causing damage to the electrode. Overall, the 

arrays performed well and were capable of recording both resting state local field 

potentials and stimulation-evoked compound action potentials at a much finer spatial 

resolution than current directional DBS lead technology. We consider them an 

improvement over previous polyimide-based, high-density DBS arrays in terms of their 

longevity during chronic implantation. 
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Chapter 5: Conclusions and Perspectives 
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5.1 Summary of Outcomes 

In this thesis, the spatiotemporal characteristics of ECAP responses in and 

around DBS targets for treating the motor signs of Parkinson’s disease were 

investigated in the context of stimulation amplitude, stimulation pulse width, and 

stimulation and recording location. ECAP feature amplitudes increased non-linearly with 

increases in stimulation amplitude, with a minimum stimulation amplitude required to 

evoke any response and a higher stimulation amplitude required to evoke secondary 

feature responses. Several of the results have important implications for future 

development of closed-loop DBS systems that seek to utilize ECAP features. First, the 

primary features of the local ECAP response during STN-DBS were most prominent 

when stimulating in the LF region dorsal to the STN. This feature provided strong 

separability in knowing which electrodes were dorsal to or within the STN, which can be 

helpful when programming STN-DBS implants. Second, both primary and secondary 

features adapt over the course of the initial thirty seconds following stimulation onset, 

which suggests habituation of local axonal capture by stimulation as well as delays in the 

basal ganglia circuit during STN-DBS. Third, while the directional DBS leads used in 

Chapters 2 and 3 provide a higher spatial resolution of ECAPs over all previous clinical 

ECAP studies with DBS applications, the electrodes sizes were still quite large relative to 

the anatomical target. We developed a high-density DBS array with microelectrodes to 

record even higher resolution ECAP activity, and tested this in the globus pallidus and 

putamen. The use of the liquid crystal polymer substrate resulted in stable impedances 

over the course of a year of implantation, making it a great improvement over previous 

polymer probe-based technologies. 

5.1.1 Spatial heterogeneity of ECAPs in the STN: use of the ECAP in 

identifying implant location 

In Chapter 2, a linear classifier was used to identify lead location between STN 

and LF regions, with ground truths drawn from block-faced imaging histology. Prior to 

analysis of the block-faced imaging, lead locations had been estimated entirely from pre- 

and post-operative imaging, which resulted in some incorrect depth estimations, trending 

toward an overestimation of implant depth (subjects Az and So were initially believed to 

be implanted one row deeper, with all stimulated sites placed in the STN). As evidenced 

with cross-subject classification (training the classifier on data from three subjects and 
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testing on a fourth), the classifier was able to accurately determine the brain region in 

which the electrodes were truly located, even without knowledge of any ground truths in 

that subject. This suggests that ECAP responses may be a useful complement to 

imaging procedures in determining implant depth in the STN region. This stemmed from 

a statistically significant change in ECAP response features (both in number of 

secondary features and amplitude of primary features) between STN and LF stimulation 

and recording, suggesting that the alignment of axons along the LF tract creates a 

stronger primary feature effect and the presence of neurons within the STN enables 

secondary features to appear. Other electrophysiological features have been proposed 

to identify electrode location within the sensorimotor STN, including mean beta power; 

however, the exact location of the recorded spectral features can vary by several 

millimeters, especially considering the necessity to use bipolar electrode montages [69]. 

ECAP features and beta oscillatory power may thus complement each other to identify 

locations of implanted DBS electrodes within a patient’s STN. 

5.1.2 Temporal changes in ECAP features: “wash-in” effect 

ECAP responses from STN-DBS changed over the course of the initial thirty 

seconds of stimulation with primary features habituating in amplitude and secondary 

features increasing in latency. Primary feature habituation seems a likely result of loss of 

axonal capture, while secondary feature latency increases may result from changes in 

axonal conduction velocity and synaptic coupling in the STN / globus pallidus network. 

The time constants of these changes in both primary and secondary features at 

clinically-relevant stimulation amplitudes were about 5-12 seconds, which better aligns 

with the wash-in times seen in therapeutic stimulation than the instantaneous changes in 

beta band activity seen under similar stimulation conditions. Although the ability to test 

time constants over such short periods of time in therapeutic outcomes is extremely 

limited, therapeutic effect of stimulation is generally not instantaneous, instead 

commonly reaching a therapeutic state within 2-5 minutes – the first measured time point 

after onset of stimulation [81,94,95]. A previous study connecting STN ECAP response 

secondary features to therapeutic outcomes showed a later latency of secondary 

features in therapeutic trials [51]. The fact that secondary feature latencies grew over the 

duration of stimulation and that later secondary feature latencies corresponded to better 

therapeutic outcomes at higher stimulation amplitudes in the aforementioned study 
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suggests another possible link between STN ECAP feature wash-in and wash-in of STN-

DBS therapy. 

5.1.3 Use of LCP substrate in high-density DBS arrays and spatial 

heterogeneity of ECAPs and beta power in the GP and putamen 

Use of high density arrays in the globus pallidus and putamen to record both LFP 

and ECAP responses revealed a high level of spatial heterogeneity in both signals. 

Heterogeneity in beta power matched with results from a previous study with a similar 

lead design implanted in the STN [102], and the heterogeneity visible in ECAP 

responses was visible with greater detail than could be seen in simulated row 

electrodes. Additionally, with 12 rows to record from, ECAP signals were seen to 

traverse the lead from top to bottom or bottom to top in a manner that resembled a 

traveling wave front, with primary features growing slightly wider, later in latency, and 

lower in amplitude as recording sites grew in distance from stimulation sites. Although 

the directional leads used in Chapter 2 and Chapter 3 did not typically have enough rows 

to observe this, the 8-row annular lead from subject Bl was also observed to have the 

phenomenon, as was another 8-row annular lead implanted in the thalamus of a subject 

not shown in any chapter (Fig. 5-1). Between the two 8-row DBS leads, the 

phenomenon was most clearly observable in the thalamus, and less distinct in the STN 

and its dorsal regions. This phenomenon, combined with the notion that ECAP features 

are a result of axonal activation, may potentially allow ECAP features to be used to 

assess local fiber tract activation around the lead if conduction velocities for those fibers 

are known. This is further supported by primary feature generation in Chapter 2 and 

Chapter 3 being the strongest in LF, which is a region with strongly aligned white matter 

fibers as compared to the STN which has more jumbled axon orientations. Additionally, 

the fact that the phenomenon applies to primary features alone rather than secondary 

features further supports the possibility that these traveling waves are a reflection of 

action potentials traveling along fibers oriented roughly parallel to the lead. 
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Figure 5-1 ECAPs as traveling waves. ECAP responses in the motor thalamus, STN 

and its dorsal regions, and GPe and putamen with stimulation near one end of a DBS 

lead and recording from channels along the lead. ECAP primary features are seen to 

increase in latency and reduce in amplitude as the recording site moves farther from the 

stimulation site. Sites in GPe and putamen are simulated from a high-density array with 

4 electrodes in each row averaged together to mimic a 12-row lead. Row numbers are 

ordered from most ventral to most dorsal. 

5.1.4 Need or use for directional DBS leads 

Interestingly, the results in Chapters 2 and 3 do not seem to indicate a strong 

dependency on directionality in ECAP response to stimulation in the STN and LF, while 

the signals recorded in the putamen and GP presented in Chapter 4 suggest a slightly 

higher degree of directional heterogeneity. It is possible that the directional leads used in 

Chapters 2 and 3 have electrodes that still short oscillatory dipoles and using a higher 

density array as in Chapter 4 in the STN could show stronger directional heterogeneity.   

Directional leads have been shown to be useful in improving targeting of stimulation and 

steering of electric fields, which can be especially helpful in avoiding side effects and in 

correcting for lateral errors in implant targeting [20,21]. Additionally, there may be cases 

where some electrodes within a row are in a different brain region than others on the 

same row. The ability to stimulate and record from separate directions can only improve 

the classification of lead depth by providing additional data points for the model to test or 

train on. 
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5.2 Future Directions 

5.2.1 Signal-agnostic ECAP analysis methods 

Deep brain stimulation technology is rapidly moving to incorporate higher density 

electrode arrays and recording feedback with more complex signals and more complex 

spatial combinations for stimulation and recording electrodes as seen in Chapter 4. With 

this movement, signal-agnostic and objective analysis methods become increasingly 

important – both for the sake of the consistency of measurements across research 

studies and for the sake of the researchers whose time will become exponentially more 

consumed with data analysis using traditional methods. For example, many older studies 

that some of the methods used in this thesis were based on used bipolar recording 

configurations with a single stimulation site, resulting in a single signal recorded per 

stimulation parameter tested in each subject. This may have resulted in 10-20 total 

signals – all of which were very similar to each other – within a given subject for perhaps 

a total of 100 signals if a study had 5-10 subjects and 10-20 tested parameters. On the 

other hand, conducting similar experiments as was done in this thesis work using 

directional DBS leads yielded 4900 different combinations in just two subjects (subjects 

Az and So in Chapter 2 and Chapter 3), with many unique signals across those various 

combinations. Furthermore, a high-density DBS array as was investigated in Chapter 4 

could result in nearly 80,000 combinations from single-site stimulation in a single subject 

alone if tested in the same manner as was done in Chapter 2 and Chapter 3. As shown 

in Chapter 2, the use of summary statistics such as RMS values can greatly help in 

reducing the dimensionality of recorded signals while also making analysis more 

objective and signal-agnostic, as well as reducing the effects of noise on the outcome 

measure. Other such methods have also been recently proposed [115], and based on 

the results shown in Chapter 3, methods to determine a signal’s duration and overall 

feature amplitudes as the signal itself changes may be helpful in further understanding 

the various characteristics of signals over the course of stimulation onset. 

5.2.2 Clinical subject-agnostic ECAP classifier for lead depth 

As shown in Chapter 2, a subject-agnostic classifier can be trained using ECAP 

responses recorded from a set of subjects and used to determine electrode depth in new 

subjects with good accuracy. As clinical DBS leads improve and gain the capacity for 
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signal recordings (like the Medtronic Percept devices), a wealth of ECAP signals should 

become available, not to mention any recordings that could be taken just before 

implantation of the stimulator (after lead implantation), that could be used to develop a 

highly accurate model for use in clinical patients. Currently, once a lead has been 

implanted there is no accurate electrophysiological measure for lead depth beyond what 

was assumed during implantation. Implant depth can be different from what was 

planned, and as leads grow in complexity clinicians will need to find ways to reduce 

programming time. Having a clinical tool for identifying electrode locations in brain 

regions around the STN could assist in reducing programming times by identifying 

electrodes most likely to produce therapeutic results. 

5.2.3 Stimulation frequency analysis of ECAP responses 

In this thesis, sweeps of amplitude, pulse width, and stimulation and recording 

location were tested, with ECAP response depending primarily on stimulation amplitude 

and stimulation and recording electrode location. Stimulation frequency, however, was 

not tested, in part because therapeutic DBS typically requires pulse train frequencies 

above 100 Hz. This leaves a gap in our understanding that may be useful to fill as 

stimulation therapies for other conditions may use different stimulation frequencies. 

5.2.4 Relationship between ECAPs and evoked resonant neural 

activity 

During the thesis work, some attempts to analyze the evoked resonant neural 

activity (ERNA) recorded alongside the ECAP responses were made, and observations 

that ECAP secondary features follow similar patterns to observed patterns in ERNAs 

were made [116,117]. However, no ERNAs were able to be detected from the data 

recorded in these experiments and that line of research was unable to be thoroughly 

explored. In particular, both ERNAs and STN ECAP secondary features seem likely to 

result from resonant activity within the STN / globus pallidus network, and this warrants 

research into similarities and differences between the two signals, particularly whether or 

not they are one and the same and how the ERNA response arises despite a lack of 

STN cell body activity during STN-DBS [82]. 
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5.2.5 Challenges in making ECAPs clinically relevant 

In order to record ECAPs in a clinical implant, improvements to implant 

technologies and clinical stimulation protocols are likely necessary. For example, the 

spectral components of ECAP responses in the STN can be as high as 2 kHz for primary 

features and as slow as 250 Hz for secondary features. This would necessitate at least a 

4 kHz sampling rate to detect the primary feature waveform, or a minimum of a 500 Hz 

sampling rate for secondary feature detection. The Medtronic Percept device currently 

records at a sampling rate of 250 Hz, which is far too slow for the detection of primary 

ECAP features – the features that were most relevant to the classifier in determining 

lead implant location between STN and LF. The sample rate also plays a role in 

determining how consistent the stimulation artifact is between pulses, which in turn 

affects the recording accuracy of any features that may overlap with stimulation-induced 

noise. 

Clinical DBS also uses passive recharge rather than active recharge in 

stimulation [118–120], resulting in potential differences in stimulation artifact, not to 

mention a reliance on cathodic-leading pulses, requiring a more complex stimulation 

artifact removal technique, such as the development and subtraction of an artifact 

model. Although the use of an adapting artifact model may be relatively simple to 

implement in a research lab, it likely requires more computational power than a simple 

average as can be used for alternating polarity stimulation. This could lead to increased 

power draws on the stimulator battery and place limitations on the device’s internal 

memory. 

Additional research on the therapeutic outcomes of alternating polarity 

stimulation could be warranted if ECAPs are to be used in a closed-loop setting, but 

simply making it possible in the device programming would allow clinicians to use this 

setting when using ECAPs to confirm lead location after implant. An alternative to 

alternating polarity stimulation is to lead with the long (low-amplitude) anodic phase and 

follow up with the short (high-amplitude) cathodic phase (the phase that would evoke the 

ECAP). This places the majority of the stimulation artifact at the end of the signal rather 

than the beginning, and reduces the overlap of artifact with primary feature signal (albeit 

at the cost of late secondary feature signal). Additionally, equiphasic stimulation could be 

used to reduce the duration of the recharge phase artifact. Finally, in this study there 

was very little change in ECAP response across different pulse widths tested. The use of 
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a narrower pulse width can increase side effect thresholds and allow the application of 

stimulation with even less overlap of stimulation artifact with ECAP response.  
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